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Abstract After initial claims and a long hiatus, it is now established that several bi-
nary stars emit high (0.1−100 GeV) and very high energy (>100 GeV) gamma rays.
A new class has emerged called “gamma-ray binaries”, since most of their radiated
power is emitted beyond 1 MeV. Accreting X-ray binaries, novae and a colliding
wind binary (η Car) have also been detected — “related systems” that confirm the
ubiquity of particle acceleration in astrophysical sources. Do these systems have any-
thing in common ? What drives their high-energy emission ? How do the processes
involved compare to those in other sources of gamma rays: pulsars, active galactic
nuclei, supernova remnants ? I review the wealth of observational and theoretical
work that have followed these detections, with an emphasis on gamma-ray binaries. I
present the current evidence that gamma-ray binaries are driven by rotation-powered
pulsars. Binaries are laboratories giving access to different vantage points or physical
conditions on a regular timescale as the components revolve on their orbit. I explain
the basic ingredients that models of gamma-ray binaries use, the challenges that they
currently face, and how they can bring insights into the physics of pulsars. I discuss
how gamma-ray emission from microquasars provides a window into the connection
between accretion–ejection and acceleration, while η Car and novae raise new ques-
tions on the physics of these objects — or on the theory of diffusive shock accelera-
tion. Indeed, explaining the gamma-ray emission from binaries strains our theories of
high-energy astrophysical processes, by testing them on scales and in environments
that were generally not foreseen, and this is how these detections are most valuable.
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1 Introduction
The advent of a new generation of observatories in the mid-2000s enabled the dis-
covery of binary systems emitting high energy (HE, 0.1-100 GeV) or very high en-
ergy (VHE, >100 GeV) gamma rays. A new class has emerged called “gamma-ray
binaries”, composed of a compact object and a massive star, distinguished by their
radiative output with a peak in νFν beyond 1 MeV. At the time of writing, gamma-ray
emission has also been detected from microquasars (Cyg X-3, possibly Cyg X-1), a
colliding wind binary (η Car), three novae (including the symbiotic binary V407 Cyg)
and dozens of millisecond pulsars in binaries. How singular are the binaries at this
extreme end of the electromagnetic spectrum ? What physical processes are involved
in the production of gamma rays ? How do they compare to those at work in other
astrophysical sources ?
Binary stars have a unique property compared to other objects: that of giving
access to different vantage points or physical conditions on a regular timescale as
the components revolve on their orbit. The ensuing geometrical and dynamical con-
straints are precious. In the past, observations of binaries allowed accurate measure-
ments of the masses and radii of stars, setting the stage for stellar physics; closer to
us, binary radio pulsars have provided tests of general relativity ; X-ray binaries have
provided the first dynamical evidence for black holes and spurred accretion theory.
Binaries detected in gamma rays provide new opportunities for the study of particle
acceleration, magnetised relativistic outflows, and accretion-ejection physics.
1.1 The checkered history of binaries in gamma rays
Detecting gamma-ray emission from binaries is an effort that traces back decades. In
the late 1970s, Cos B observations led to the discovery of the first HE gamma-ray
source (2CG 135+01) where the search for a counterpart revealed a binary (Gre-
gory & Taylor 1978, Fig. 1). The binary is composed of a Be star (LS I +61◦303)
and an unidentified compact object. Many such Be binary systems had already been
detected in X-rays: what made this one highly unusual was that it was also a radio
emitter, bursting at periodic intervals (Gregory et al. 1979). A firm identification of
the gamma-ray source with the binary could not be made because of the limited an-
gular resolution in gamma rays, even using data collected with CGRO/EGRET in the
1990s (Hartman et al. 1999; Reimer & Iyudin 2003). The limited sensitivity also did
not allow detailed timing studies, although there were hints of gamma-ray variabil-
ity (Tavani et al. 1998). Several other EGRET sources were tentatively associated to
binaries over the years based on positional coincidence: Cyg X-3 (Mori et al. 1997),
GRO J1838-04 (Tavani et al. 1997), GX 304-1 (Nolan et al. 2003), LS 5039 (Paredes
et al. 2000), GX 339-4 (Reimer & Iyudin 2003), Cen X-3 (Vestrand et al. 1997), SAX
J0635+0533 (Kaaret et al. 1999). Most associations remain unconfirmed to this day.
At very high energies, the 1970s saw pioneering efforts to detect the flash of
Cherenkov light emitted by the electromagnetic shower created by the arrival of VHE
gamma rays in the upper atmosphere. In the 1980s, various instruments reported con-
stant, flaring, pulsing or episodic VHE emission from binaries. The binary Cyg X-3
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played a notorious role in this bubble. Discovered by Giacconi in 1966, this X-ray
binary fired up the imagination of theorists and observers alike, with dozens of pa-
pers published in Nature and Science, after it was found by Gregory & Kronberg
(1972) that the system is the site of major radio flares during which it becomes one
of the brightest sources in the radio sky. Reports poured in claiming HE and VHE
detections of Cyg X-3 — including a periodic muon signal that challenged conven-
tional physics (see Chardin & Gerbier 1989 for a critical assessment). Confirmation
remained elusive and by the end of the 1980s the situation had become confused if
not controversial (Weekes 1992). However, these claims motivated many of the in-
strumental developments that were to bear fruit later.
1.2 Discovery of gamma-ray binaries
The story unfolded in the mid-2000s when the HESS, MAGIC and VERITAS collab-
orations secured the first VHE detections of binaries. The latest generation of instru-
ments combine stereoscopic imaging, large collecting areas, high resolution pixela-
tion and improved analysis techniques to reject background particle triggers, lower
the energy threshold and identify the imprint of an incoming gamma ray. These imag-
ing arrays of Cherenkov telescopes (IACTs) have increased the number of known
sources from a handful in 2004 to more than a hundred today1. EGRET was followed
in 2007 by AGILE and in 2008 by Fermi/LAT, enabling the discovery of nearly 2000
sources of HE gamma rays (Nolan et al. 2012).
Binaries have now firmly been identified as gamma ray sources. The latest obser-
vatories have much improved sensitivity and angular resolution (Fig. 1). The gamma-
ray sources are point-like, with any extension constrained to less than an arcminute,
and localised to within 20′′ of their stellar counterpart. They have been consistently
detected by various groups. Crucially, all of them show gamma-ray variability on the
orbital period timescale.
At the time of writing, all five binaries2 with secure detections in VHE gamma-
rays are “gamma-ray binaries”: bright in gamma-rays yet easily overlooked at other
wavelengths. The second part of this review (§2) summarises the wealth of observa-
tional data that has been gathered on these sources. What makes them so bright in
gamma rays ? The current prevailing idea is that their non-thermal emission is due to
particles accelerated at the shock between the wind of the massive star and the wind
of a pulsar. Hence, gamma-ray emission is ultimately powered by the spindown of
a rotating neutron star with a strong magnetic field ∼ 1011 −1013 G. They are pulsar
wind nebulae in a binary environment. The third part (§3) discusses the evidence in
favour of this interpretation and its main alternative: gamma-ray emission from a rela-
tivistic jet. The fourth part (§4) presents the theoretical work that has been pursued to
understand the observations – especially the HE and VHE orbital modulations – and
derive new insights into the physics of pulsars, concluding on the current problems
faced by models.
1 The TeVCat online catalog keeps an up-to-date list
2 PSR B1259-63, LS 5039, LS I +61◦303, HESS J0632+057, 1FGL J1018.6-5856
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Fig. 1 Left: The error circle of the Cos B source 2CG 135+01 showing the possible association with the
binary LS I +61◦303 (radio source GT0236+610, reprinted from Gregory & Taylor 1978, by permission
from Nature c©Macmillan Publishers Ltd 1978). Right: VHE gamma-ray map illustrating the detection
of LS 5039. The nearby supernova remnant (grey contours) and pulsar are excluded by the high angular
resolution of the VHE observations. The yellow contours show the positional uncertainty of the possible
EGRET counterpart in HE gamma rays (reprinted from H.E.S.S. collaboration et al. 2005a with permission
from AAAS).
This is quite a different picture from the accretion/ejection scenario that had been
previously thought to hold the most promise for gamma-ray emission. Microquasars
have proven elusive in the gamma-ray domain even with the latest instrumentation. A
new chapter in the long history of the microquasar Cyg X-3 opened up in 2010 when
gamma-ray emission from the system was conclusively and simultaneously detected
with both AGILE and Fermi/LAT. Cyg X-3 is a superb window into how non-thermal
processes connect the release of accretion power with the launch of relativistic jets.
Recent years have seen surprises with the discovery of gamma-ray emission associ-
ated with nova eruptions in binaries, and from the colliding wind binary η Car. Many
of the tools developed for gamma-ray binaries are relevant to the interpretation of
these systems. The observations, interpretation and the understanding derived thereof
are described in the last part (§5). Observational and theoretical prospects of research
on gamma-ray emission from binary systems are discussed in the conclusion.
2 Observations of gamma-ray binaries
Gamma-ray binaries are systems composed of a massive star and a compact object
where the non-thermal emission peaks above 1 MeV in a νFν spectral luminosity
diagram. There is also a strong contribution to the spectral energy distribution from
the luminous massive star, but this is easily separated from the non-thermal contin-
uum as it is thermal with a maximum temperature of a few eV. The definition is
simple and based on observational features. The discovery and orbits of these bina-
ries are described in §2.1, the salient multi-wavelength facts are listed in §2.2, by
wavelength domain instead of by object to highlight common properties. The non-
specialist reader will find the main properties briefly summarised in Tab. 2 (§2.3).
The conclusion is that these binaries do indeed appear to be members of a common
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class. Hence, the definition also unites binaries where the same basic mechanism is
at work, distinguishing them from the other binaries that emit in gamma rays.
2.1 Binary systems
2.1.1 Initial discovery in gamma rays
Three of the binaries (LS I +61◦303, HESS J0632+057, 1FGL J1018.6-5856) were
unknown before gamma-ray sources brought attention to them. The other two had
been singled out by surveys with different objectives than finding sources of gamma-
ray radiation. All are within ≈1◦ of the Galactic Plane.
PSR B1259-63 was the first binary to be conclusively detected in VHE gamma rays,
in 2004 by the H.E.S.S. collaboration et al. (2005b). PSR B1259-63 had initially
been found in a search for radio pulsars (Johnston et al. 1992) and predicted to be a
gamma-ray source (Tavani & Arons 1997; Kirk et al. 1999).
LS 5039 followed in 2005 (Fig. 1, H.E.S.S. collaboration et al. 2005a). Motch et al.
(1997) were the first to identify LS 5039 as a high-mass X-ray binary, from a cross-
correlation of unidentified ROSAT X-ray sources with OB star catalogues. Paredes
et al. (2000) pointed out that LS 5039 was within the 0.5◦ error box of the EGRET
source 3EG 1824-1314, earmarking it as a possible gamma-ray source (Fig. 1).
LS I +61◦303 was the third gamma-ray binary detected in VHE gamma rays (MAGIC
collaboration et al. 2006). The 8.7σ detection, 2′ localisation and variability of the
source (later associated with the orbit, MAGIC collaboration et al. 2009a) confirmed
LS I +61◦303 is a gamma-ray emitter, more than 25 years after this had been pro-
posed based on the Cos B detection (see §1 and Fig. 1).
HESS J0632+057 was found serendipitously as a point-like source in the HESS sur-
vey of the Galactic Plane (H.E.S.S. collaboration et al. 2007). Part of the HESS data
had actually been collected to search (unsuccessfully) for gamma-ray emission from
the nearby massive X-ray binary SAX J0635+0533, which had a proposed EGRET
counterpart (Kaaret et al. 1999). The VHE source is coincident with a variable ra-
dio source associated with a Be star (MWC 148), much like LS I +61◦303 (H.E.S.S.
collaboration et al. 2007; Hinton et al. 2009; Skilton et al. 2009). The binary orbital
period was found later from X-ray monitoring and tied to the VHE variability ob-
served with HESS, MAGIC and VERITAS (Bongiorno et al. 2011).
1FGL J1018.6-5856 was found by Corbet et al. (2011) in a search for periodic flux
variations from Fermi/LAT sources. Follow-up work proved that the HE gamma-ray
source is associated with a radio, X-ray source and a O massive star (Fermi/LAT
collaboration et al. 2012b). H.E.S.S. collaboration et al. (2012a) independently dis-
covered a VHE source positionally coincident with the Fermi/LAT source.
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The Be star MWC 656 has been proposed as a counterpart to the transient gamma-
ray source AGL J2241+4454 (Williams et al. 2010; Casares et al. 2012). However,
no additional information has been provided on the AGILE detection besides the ATel
(Lucarelli et al. 2010), and the source was not detected with Fermi/LAT (Fermi blog),
so it is not discussed further here.
2.1.2 The massive star companion
All five binary systems harbour a massive O or Be star, with a mass of 10-20 M, a ra-
dius of ≈ 10 R, and a photosphere temperature of 20 000 – 40 000 K (Tab. 1). The lu-
minosity of the star reaches 0.5–5×1038 erg s−1, a significant fraction of its Eddington
luminosity. Hence, massive stars drive strong radiation-driven winds, with supersonic
speeds of 1500–2500 km s−1 and mass loss rates from 10−8 up to 10−5 M yr−1 in the
case of Wolf-Rayet stars. This wind is, to first approximation, isotropic. In addition
to this radiation-driven wind, Be stars have a dense equatorial outflow responsible for
line emission in optical and excess continuum emission in infrared (Porter & Rivinius
2003). Interferometric observations have established that the Be discs are thin and that
they are keplerian. The infrared excess is modelled as thermal bremsstrahlung emis-
sion from material distributed as a power-law function of radius (ρ ∝ r−n, n ≈ 2− 3)
with a subsonic radial outflow speed of a few ∼1–10 km s−1 (Waters 1986; Waters
et al. 1988). The results imply mass outflow rates of order 10−6 M yr−1. The forma-
tion of Be discs is thought to be linked to the near breakup rotation velocity of the
star (88% of Ωbreak for the Be star companion of PSR B1259-63, Negueruela et al.
2011), with material possibly lifted up by stellar pulsations. Accurate measurements
of the stellar and wind parameters rely on models of massive stars. Some parameters,
such as the stellar temperature T? or wind speed vw are reasonably well determined
using optical/UV spectra. Considerable uncertainties remain on many others, notably
the wind mass loss rate M˙w.
2.1.3 Orbits
The system parameters of gamma-ray binaries are grouped in Table 1 and illustrated
in Figure 2. The orbital sizes have been calculated assuming a neutron star of 1.4 M.
PSR B1259-63 has the best determined orbital parameters, thanks to timing of its
47.76 ms radio pulsar. Analysis of the pulse time-of-arrival is fitted to an orbital so-
lution, giving the orbital period Porb, eccentricity e, projected semi-major axis asin i,
argument of periastron ω and time of periastron passage t0 to very high accuracy.
Orbital solutions are also obtained using measurements of the radial velocity of ab-
sorption lines originating at or close to the massive star photosphere, albeit with much
poorer accuracy. The O/Be star is clearly the most massive component so the ampli-
tude of the variations are small and easily contaminated by fluctuations from the
intervening stellar wind. Long orbital periods and high eccentricities also make the
detection of the orbital reflex motion difficult. In LS I +61◦303, HESS J0632+057,
and 1FGL J1018.6-5856, the binary orbital period is best determined by the modula-
tion observed in radio, X-ray, or gamma rays.
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PSR B1259-63? LS 5039† LS I +61◦303• HESS J0632+057 1FGL J1018.6-5856‡
Porb (days) 1236.72432(2) 3.90603(8) 26.496(3) 315(5) 16.58(2)
e 0.8698872(9) 0.35(3) 0.54(3) 0.83(8) -
ω (◦) 138.6659(1)] 212(5) 41(6) 129(17) -
i (◦) 19–31 13–64 10–60 47–80 -
d (kpc) 2.3(4) 2.9(8) 2.0(2) 1.6(2) 5.4
spectral type O9.5Ve O6.5V((f)) B0Ve B0Vpe O6V((f))
M? (M) 31 23 12 16 31
R? (R) 9.2 9.3 10 8 10.1
T? (K) 33500 39000 22500 30000 38900
dperiastron (AU) 0.94 0.09 0.19 0.40 (0.41)
dapastron (AU) 13.4 0.19 0.64 4.35 (0.41)
φperiastron 0 0 0.23 0.967 -
φsup. conj. 0.995 0.080 0.036 0.063 -
φinf. conj. 0.048 0.769 0.267 0.961 -
? Wang et al. (2004); Moldo´n et al. (2011a); Negueruela et al. (2011)
†McSwain et al. (2004); Casares et al. (2005, 2011)
• Howarth (1983); Frail & Hjellming (1991); Martı´ & Paredes (1995); Gregory (2002); Aragona et al. (2009)
 Aragona et al. (2010); Casares et al. (2012); Bordas & Maier (2012)
‡ Fermi/LAT collaboration et al. (2012b); Napoli et al. (2011)
] argument of periastron of the pulsar orbit (massive star for the others systems)
Table 1 System parameters of gamma-ray binaries
The accurate determination of the orbital parameters is of fundamental impor-
tance to models. The errors on the last significant digit are indicated in parenthesis
in Table 1 — these are only indicative since more important systematic errors are
possible. For instance, the orbital elements for HESS J0632+057 remain tentative
given the limited phase coverage and large scatter in measurements (Casares, priv.
com.). As will be discussed later (§4.3), knowing the phases of periastron/apastron
passage and of conjunctions is essential to interpret the orbital modulations. Superior
conjunction is when the compact object passes behind the massive star as seen by the
observer, inferior is when the compact object passes in front of the O/Be star. The
phase of periastron passage in Table 1 is different from 0 for LS I +61◦303 (resp.
HESS J0632+057) because the reference time has traditionally been set by using the
radio (resp. X-ray) lightcurve. The orbital phase φ is defined in the interval [0,1].
The non-detection of pulsed emission from gamma-ray binaries (PSR B1259-63
excepted, see §3.2) leaves open the question of the nature of the compact object. De-
termining the compact object mass could distinguish between a black hole candidate
and a neutron star. The mass function derived from the radial velocity of the O/Be
star gives a lower limit on the mass of the compact object, which is too small to be
constraining by itself. A 1.4 M neutron star fits the mass function within the loose
constraints on the mass of the companion star and the orbit inclination. A >3 M com-
pact star (black hole) requires a low binary inclination (face-on), typically i < 30◦.
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Fig. 2 Orbits of gamma-ray binaries. The star size is to scale. Crosses mark the phases of apas-
tron/periastron and conjunctions (superior when the compact object is seen behind the massive star, in-
ferior when in front, with the observer towards bottom of the figure, see Tab. 1). Dots mark intervals of 0.1
in orbital phase, starting from periastron.
However, low inclinations are statistically disfavoured, assuming the systems that we
see have random inclinations. The lack of eclipses can be used to place an upper limit
on the inclination, typically i < 70◦. At the other end, the rotational broadening of the
stellar lines yields a lower limit on the inclination, typically i > 10◦, assuming the star
rotates at less than breakup speed, spin-orbit alignment and pseudo-synchronisation.
Table 1 lists the range of possible i derived by various means, as summarised by
Casares et al. (2012).
2.2 The multi-wavelength picture
A summary of the main spectral characteristics in the various bands is given below
in Table 2. Figures 3-7 present the spectral energy distribution and lightcurves for the
five gamma-ray binaries.
2.2.1 VHE gamma rays (TeV)
All five gamma-ray binaries are detected by IACTs above 100 GeV. The VHE coun-
terparts are point-like, with a typical limit on extended emission ∼< 0.◦1. Nearly all
other VHE sources in the Galactic Plane (|b| ∼< 3◦) are extended. The HESS Galactic
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HESS 2004(> 1 TeV)HESS 2007(> 1 TeV)
Fermi 2010
(> 100 MeV)
1997
2010
Figure 4. Light curves of PSR B1259−63 around periastron. (a) HESS 2004
and 2007 periastron passages (Aharonian et al. 2005). (b) Fermi-LAT 2010
periastron passage. (c) X-ray fluxes from three periastron passages in units
of 10−11 erg cm−2 s−1 (Chernyakova et al. 2009). (d) Radio (2.4 GHz)
flux densities measured at ATCA for the 2010 and 1997 periastron passages
(Johnston et al. 1999).
2009; Kawachi et al. 2004; Tavani et al. 1996; Chernyakova
et al. 2006, 2009) revealed a characteristic variability of this
emission during the periods of periastron passage. Detection
of the 0.1–10 GeV band γ -ray emission around periastron was
not unexpected. However, Fermi observations reveal puzzling
behavior of the source, which was not predicted in any model
of γ -ray emission from this system. An unexpected strong flare
visible only in the GeV band was observed some 30 days after
the periastron passage and after the neutron star passage of the
dense equatorial wind of the massive star.
During this flare the source was characterized by an ex-
tremely high efficiency of conversion of pulsar spin-down
power into γ -rays. The highest day-average flux was F100 ∼
3.5 × 10−6 cm−2 s−1 with a spectral index of Γ ∼ 3.0.
This corresponds to an isotropic γ -ray luminosity of $8 ×
1035(D/2.3 kpc)2 erg s−1, nearly equaling the estimated total
pulsar spin-down luminosityLSD $ 8.3×1035 erg s−1 (Johnston
et al. 1992). This is illustrated in Figure 5 where the horizontal
red line shows the flux which would be produced when 100% of
the spin-down power is converted into radiation emitted within
one decade of energy, not taking into account possible beaming
effects.
Broadband spectra of emission around periastron are shown
in Figure 5. Strong increases in GeV flux and changes in γ -ray
spectrum during the flare were not accompanied by noticeable
spectral variations in the X-ray band.
Several possible mechanisms of production of 0.1–10 GeV
γ -ray emission from the system were previously discussed:
Figure 5. Spectral energy distribution of PSR B1259−63 around periastron.
Blue and cyan points represent the measurements of the spectra in the pre- and
post-periastron periods (labeled 1 and 2, respectively) by the LAT, Swift-XRT
in X-rays and ATCA in radio. Thin solid, dotted, and dashed lines show syn-
chrotron, inverse Compton, and bremsstrahlung components correspondingly.
Green points show HESS measurements from 2004 (Aharonian et al. 2005).
Light gray curves show the models of pre-periastron emission, dark gray curves
show the models of the flare. The horizontal red mark shows the flux which
would be produced if 100% of the pulsar spin-down power were converted into
electromagnetic radiation. In the upper panel, the high-energy particles are as-
sumed to escape from the system with the speed of the stellar wind, while in the
lower panel, high-energy particles are assumed to escape with the speed c/3, as
in the model of Tavani & Arons (1997), see the text for details. LAT data points
will be made available through https://www-glast.stanford.edu/cgi-bin/pubpub.
synchrotron, inverse Compton (IC), bremsstrahlung, or pion
decay emission (Tavani & Arons 1997; Kawachi et al. 2004;
Chernyakova et al. 2006; Khangulyan et al. 2007). Electrons
with energies Ee ∼ 100 TeV produce synchrotron emission
in the energy range Eγ ∼ 109[B/1 G][Ee/1014 eV]2 eV.
Alternatively, electrons with energies Ee ∼ 1–10 GeV could
produce γ quanta with energies Eγ $ 108[Ee/1 GeV]2 eV via
IC scattering of Be star photons. Bremsstrahlung emission in
the GeV band could be produced by the GeV electrons. Finally,
the dense equatorial stellar wind could provide a sufficiently
dense target for proton–proton interactions followed by decays
of neutral pions into photons.
Figure 5 shows example model fits to the persistent emission
data. The model shown in the upper panel assumes that high-
energy particles escape with the speed of the stellar wind, as in
the model of Chernyakova & Illarionov (1999) and Chernyakova
et al. (2006). Slow escape of the high-energy particles leaves
enough time for the efficient cooling of electrons via IC and/or
bremsstrahlung/Coulomb loss mechanisms. In the lower panel,
high-energy particles are assumed to escape with the speed
1010 cm s−1, as in the model of Tavani & Arons (1997). In
this case only synchrotron cooling is efficient. The code used
for the calculations is described in Zdziarski et al. (2010).
In general, the flare could be explained either by anisotropy of
the γ -ray emission or by an abrupt change of physical conditions
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Chernyakova et al. 2006; Khangulyan et al. 2007). Electrons
with energies Ee ∼ 100 TeV produce synchrotron emission
in the energy range Eγ ∼ 109[B/1 G][Ee/1014 eV]2 eV.
Alternatively, electrons with energies Ee ∼ 1–10 GeV could
produce γ quanta with energies Eγ $ 108[Ee/1 GeV]2 eV via
IC scattering of Be star photons. Bremsstrahlung emission in
the GeV band could be produced by the GeV electrons. Finally,
the dense equatorial stellar wind could provide a sufficiently
dense target for proton–proton interactions followed by decays
of neutral pions into photons.
Figure 5 shows example model fits to the persistent emission
data. The model shown in the upper panel assumes that high-
energy particles escape with the speed of the stellar wind, as in
the model of Chernyakova & Illarionov (1999) and Chernyakova
et al. (2006). Slow escape of the high-energy particles leaves
enough time for the efficient cooling of electrons via IC and/or
bremsstrahlung/Coulomb loss mechanisms. In the lower panel,
high-energy particles are assumed to escape with the speed
1010 cm s−1, as in the model of Tavani & Arons (1997). In
this case only synchrotron cooling is efficient. The code used
for the calculations is described in Zdziarski et al. (2010).
In general, the flare could be explained either by anisotropy of
the γ -ray emission or by an abrupt change of physical conditions
5
Fig. 3 Observations of PSR B1259-63. From top to bottom: spectral energy distribution, TeV, GeV, X-ray,
and radio lightcurves (reproduced by permission of the AAS from Fermi/LAT collaboration et al. 2011).
Plane survey l d to the discovery of only three point-like sources besides the Cr b nd
the VHE source at the G la tic Center: HESS J0632+057, 1FGL J1018.6-5856, and
HESS J1943+213. The first two are binaries, th last one is likely a blazar (H.E.S.S.
collaboration et al. 2011).
PSR B1259-63 has now been detecte on t ree occasion using HESS when the pul-
sar was in the vicinity of periastron during its 3.5 year orbit (Fig. 3). The repeatability
of the detection at this orbital phase is proof f the a sociation of the VHE source
with the binary. The earliest detection occurred 55 days before and the latest detec-
tion occurred 100 days aft r periastron. The VHE lighcurve also shows variability o
timescales of days, but sampling has been limited due to the observing constraints of
IACTs (moonless nights). Observations away from periastron have only yielded up-
per limits. The three different epochs have yielded consistent results for the average
10 Guillaume Dubus
Fig. 4 Observations of LS 5039. From top to bottom: spectral energy distribution adapted from Dubus
(2006b); X-ray modulation (reproduced by permission of the AAS from Kishishita et al. 2009); GeV
modulation (reproduced by permission of the AAS from Fermi/LAT collaboration et al. 2009b); TeV mod-
ulation (reproduced with permission from H.E.S.S. collaboration et al. 2005a c©ESO).
spectrum: a power-law with a photon index ΓVHE ≈ 2.7 and a normalisation at 1 TeV
of 1.3×10−12 TeV−1cm−2 s−1 (H.E.S.S. collaboration et al. 2005b, 2009b, 2013)
LS 5039 was detected in the HESS Galactic Plane survey (H.E.S.S. collaboration
et al. 2005a). A Lomb-Scargle periodogram of the VHE lightcurve gives a period
of 3.90678±0.0015 days that corresponds to the orbital period determined indepen-
dently using radial velocity measurements (H.E.S.S. collaboration et al. 2006b). The
minimum is close to superior conjunction or to periastron (the two phases are sepa-
rated by only ∆φ= 0.057). Maximum flux occurs around inferior conjunction (Fig. 4).
Spectral variability is detected between superior and inferior conjunction (“SUPC”
φ ≤ 0.45 and φ ≥ 0.9, “INFC” 0.45 ≤ φ ≤ 0.9). At INFC, the best fit spectrum is a
power law with ΓVHE ≈ 1.8 and an exponential cutoff at Ec ≈ 8.7 TeV. At SUPC,
the source is fainter and best described by a single power-law with a softer index
ΓVHE ≈ 2.5. The average normalisation at 1 TeV is 1.8× 10−12 TeV−1cm−2 s−1 (see
Fig. 19). There is no report of long term changes in the orbit-averaged flux.
LS I +61◦303 was detected by the MAGIC and VERITAS collaborations. Again,
the VHE emission is tied to the orbital motion. However, unlike LS 5039, the or-
bital phases of VHE detections have varied considerably with epoch (Fig. 5). Early
observations (Oct. 2005-Jan 2008) indicated that VHE emission was confined to
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Fig. 5 Observations of LS I +61◦303. From top to bottom: spectral energy distribution (this work); one
example of the periodic radio and X-ray outburst that occur once per orbit (reproduced by permission of the
AAS from Harrison et al. 2000) ; GeV modulation (reproduced by permission of the AAS from Hadasch
et al. 2012); TeV modulation (reproduced by permission of the AAS from VERITAS collaboration et al.
2011b). Periastron passage is at φ = 0.23.
phases 0.5 ≤ φ ≤ 0.9, peaking at 0.6-0.8 (MAGIC collaboration et al. 2009a, 2006;
VERITAS collaboration et al. 2008, 2011b). Later observations then failed to detect
the source, until late 2010, when the source was detected at 0.0 ≤ φ ≤ 0.1 (VER-
ITAS collaboration et al. 2011b). The 26.5 day orbital period is long enough and
close enough to the lunar cycle to make repeated, homogeneous sampling of the or-
bital lightcurve difficult compared to LS 5039. The average spectra reported by both
collaborations are compatible within systematic errors. The best fit is a power-law
with a photon index ΓVHE ≈ 2.4 to 2.7, and a normalisation at 1 TeV from 2.4 to
2.9×10−12 TeV−1cm−2 s−1 (MAGIC collaboration et al. 2008, 2012b; VERITAS col-
laboration et al. 2009a, 2011b, Fig. 19).
HESS J0632+057 was detected by the HESS Galactic Plane survey (H.E.S.S. collab-
oration et al. 2007). The VHE detections cluster around 0.2 ≤ φ ≤ 0.4 when folded on
the 315±5 d period (Fig. 6, Bongiorno et al. 2011; Bordas & Maier 2012). In hind-
sight, the initial VHE detection was lucky since follow-up observations by IACTs
failed repeatedly to re-detect the source before the long orbital period was identified
in the X-ray lightcurve (VERITAS collaboration et al. 2009b; MAGIC collaboration
et al. 2012a; Ong 2011). This the only gamma-ray binary that can be observed by
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Figure 3. The radio flux density of MWC 148 as a function of time (note that JD 245 4620 is the 2008 June 2). The black star-shaped points denote observations
taken with the VLA and the red circular points are from the GMRT. The dotted lines represent the weighted mean flux at each frequency. Flux density upper
limits (at 99.8 per cent confidence level) from the VLA A-configuration observations are plotted in blue.
Figure 4. SED of HESS J0632+057 adapted from Hinton et al. (2009), with new data shown in red. The GMRT measurements have been plotted slightly
offset from their observing frequency for clarity. The data are compared to a one-zone model of non-thermal emission from electrons cooling in the radiation
and magnetic fields within a few astronomical unit of MWC 148. The three model curves show an injection electron spectral index 2.0 (solid lines) and 1.9
(dashed lines), and an index of 2.0 but with a low-energy cut-off at 2 GeV rather than 1 GeV (dotted line). See Hinton et al. (2009) for more details. An upper
limit for GeV emission from HESS J0632+057 based on three months of Fermi observations (Abdo et al. 2009) and the 1 yr Fermi sensitivity curve are shown.
An approximate energy flux limit from VERITAS is also shown (Acciari et al. 2009), highlighting the variable nature of the TeV emission.
The new radio source lies less than∼1 arcsec from the centroid of
the X-ray emission (Hinton et al. 2009), and within the 1σ error box
of HESS J0632+057 (see Fig. 2). Thus we confidently identify this
emission as the radio counterpart to MWC 148. It seems very likely
that all these objects are associated and therefore we can create an
SED as shown in Fig. 4. The recent publication of the Fermi Bright
Source List (Abdo et al. 2009) allows us to place constraints on the
GeV emission from HESS J0632+057. As no source was detected
(above 10σ in the first three months of operation) at the position
of HESS J0632+057, the EGRET source 3EG J0634+0521 can be
ruled out as a potential counterpart. Limits for the GeV emission
after three months, and 1 yr of Fermi data have been added to the
SED.
The detection of TeV emission implies particle acceleration is
taking place in the source. The most natural explanation for the
observed radio emission is then optically thin synchrotron emission
from accelerated electrons. Synchrotron radiation with a spectral in-
dex ∼0.5 implies an underlying electron spectrum with dN/dE ∝
E2. This can be interpreted as the injection spectrum. Inverse-
Compton (IC) cooling in the Thomson regime is hard to avoid for
these electrons. If the observed spectrum is cooled, then this implies
a very hard injection spectrum. This scenario was the one presented
in Hinton et al. (2009), in which there is a low-energy cut-off in the
injection spectrum, resulting in an effectively mono-energetic in-
jection for electrons below this cut-off energy. Synchrotron cooling
of such an injection will produce a time averaged electron spectral
index of 2 and an emission spectrum with α = 0.5. The simple
one-zone model presented in Hinton et al. (2009) and adjusted to
fit the X-ray and TeV data, results in a radio spectrum remark-
ably similar to that observed. A better fit to the radio data can be
achieved by adjusting the low-energy cut-off or a change in injec-
tion index from 2.0 to 1.9 (see Fig. 4). Assuming a one-zone model
C© 2009 The Authors. Journal compilation C© 2009 RAS, MNRAS 399, 317–322
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all three major IACTs. The spectrum is compatible with a power-law of photon in-
dex ΓVHE ≈ 2.5 and a normalisation at 1 TeV of 9.1×10−13 TeV−1cm−2 s−1 (H.E.S.S.
collaboration et al. 2007).
1FGL J1018.6-5856 is associated with HESS J1018-589 (H.E.S.S. collaboration et al.
2012a). The VHE source is decomposed into a point source (A) and a source (B) with
an extension of 0.◦15 ± 0.◦03. The position of the VHE point source (A) is compat-
ible with the GeV, X-ray, optical and radio sources associated with the binary. The
best fit VHE spectrum is a power-law with a photon index ΓVHE ≈ 2.4 and a nor-
malisation at 1 TeV of 3.2× 10−13 TeV−1cm−2 s−1. Significant variability is detected
in the (sparsely distributed) VHE observations, formally associating the VHE source
with the binary. When folded and rebinned on the known 16.58 d period, the VHE
lightcurve is modulated in phase with the 1-10 GeV folded lightcurve measured with
the Fermi/LAT (H.E.S.S. collaboration, 2013, in prep.).
2.2.2 HE gamma rays (GeV)
LS I +61◦303 and LS 5039 had tentative associations with HE sources long before
their VHE detections. These were confirmed thanks to the detection of orbital modu-
lations directly from the Fermi/LAT data. The typical HE spectrum of a gamma-ray
binary is a power-law with an exponential cutoff around a GeV.
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Fig. 7 Observations of 1FGL J1018.6-5856. From top to bottom: spectral energy distribution (this work),
GeV, X-ray, and radio orbital modulations (reprinted from Fermi/LAT collaboration et al. 2012b with
permission from AAAS).
PSR B1259-63 had been searched for in EGRET data, without success (Tavani et al.
1996b). Weak emission was detected using Fermi/LAT starting a month before and
ending a couple of weeks after periastron (Fermi/LAT collaboration et al. 2011; Tam
et al. 2011). The Fermi/LAT data does not confirm the earlier AGILE detection re-
ported by Tavani et al. (2010). The average flux over this part of the orbit is FHE(0.1-
1 GeV)≈ 2.5×10−7 cm−2 s−1 (below the EGRET sensitivity) using a power-law index
ΓHE ≈ 2.4. PSR B1259-63 brightened dramatically starting about 1 month after pe-
riastron passage (Fig. 3). This unexpected flare lasted seven weeks, with a peak lu-
minosity ≈ 7×1035 erg s−1 close to the pulsar spindown power E˙ ≈ 8×1035 erg s−1.
Such a flare could have been detected with EGRET but the instrument had stopped
pointing to the source two weeks after periastron passage. The average spectrum dur-
ing the flare is a power law of photon index ΓHE ≈ 1.4 with an exponential cutoff at
Ec ≈ 0.3 GeV, for an average flux of FHE(>0.1 GeV)≈ 1.3×10−6 cm−2 s−1. The spec-
trum softens with increasing flux, from ΓHE ≈ 2.2 to 3.2 when fitting by a power law
and no cutoff. There is no HE detection at other times, with a collective upper limit
of FHE(>0.1 GeV)∼< 9×10−9 cm−2 s−1.
LS I +61◦303 The HE orbital modulation was easily detected within the first few
months of operation of Fermi/LAT (Fermi/LAT collaboration et al. 2009a) settling
the long-standing issue of the identification with the Cos B source 2CG 135+01.
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LS I +61◦303 is the 12th brightest source of the HE sky (in νFν, Nolan et al. 2012).
The Lomb-Scargle periodogram of the HE lightcurve gives a period of 26.71 ± 0.05
days, consistent with the orbital period (Hadasch et al. 2012). The folded lightcurve
peaks slightly after periastron passage ; the minimum occurs after apastron passage
(Fig. 5). The phase-resolved spectra softens with increasing HE flux. The best fit
spectrum is a power law ΓHE ≈ 2.1 with an exponential cutoff at Ec ≈ 3.9 GeV
(Hadasch et al. 2012), for a flux FHE(> 0.1GeV)≈ 9.5×10−7cm−2 s−1. The Fermi/LAT
spectral point at 30 GeV deviates from the exponential cutoff, signaling the emer-
gence of the VHE component above this energy (Fig. 19). The orbit-averaged flux
increased by 40% around March 2009, accompanied by a decrease in the modulation
amplitude with no spectral change (Hadasch et al. 2012). This long-term variability
has been related to the 1667 day superorbital period observed in radio (Fermi/LAT
collaboration et al. 2013a, §2.2.5).
LS 5039 The HE orbital modulation was detected soon after LS I +61◦303 Fermi/LAT
collaboration et al. (2009b). The Lomb-Scargle periodogram gives 3.90532±0.0008
days (Hadasch et al. 2012). The HE modulation is in anti-phase with the VHE modu-
lation (Fig. 4). LS 5039 has been stable during the first 2.5 years of Fermi/LAT opera-
tions. Like LS I +61◦303, the spectrum is a power law ΓHE ≈ 2.1 with an exponential
cutoff at Ec ≈ 2.2 GeV, for a flux of FHE(> 0.1GeV) ≈ 6.1×10−7cm−2 s−1 (Fig. 19).
The spectrum is softer when brighter (Fermi/LAT collaboration et al. 2009b) yet there
is no statistical difference in spectra when binned into INFC and SUPC (Hadasch
et al. 2012). The accumulated dataset shows evidence for a hard spectral component
emerging above 10 GeV with Γ ≈ 1.6 and F(> 10GeV) ≈ 1.6×10−10cm−2 s−1, com-
patible with the low-energy tail of the VHE emission (Hadasch et al. 2012).
HESS J0632+057 The source remains undetected using the Fermi/LAT with an up-
per limit at the 95% confidence level of FHE(> 0.1GeV) ∼< 3.0× 10−8 ph cm−2 s−1
Caliandro et al. (2013).
1FGL J1018.6-5856 was discovered thanks to its 16.58±0.02 day modulation in the
Fermi/LAT data (Fig. 7, Corbet et al. 2011; Fermi/LAT collaboration et al. 2012b).
The HE spectrum can be fitted by a power law ΓHE ≈ 1.9 with an exponential cutoff
Ec ≈ 2.5 GeV. However, the preferred spectral fit is a broken power-law with Γ(0.1–
1 GeV)≈ 2.0 and Γ(1–10 GeV)≈3.1, with FHE(> 0.1GeV) ≈ 5.3×10−7 cm−2 s−1. The
spectral curvature varies significantly with orbital phase: the ∼ 1 GeV peak in νFν
apparently shifts below the Fermi/LAT range at orbital phases 0.2 ≤ φ ≤ 0.6.
2.2.3 X-rays and LE gamma rays (MeV)
All of the systems are detected in X-rays and all are modulated on the orbital period.
The spectra are hard power-laws with ΓX = 1.5− 2 with no measured cutoff in X-
ray, nor any Fe line or Compton reflection component.3 X-ray fluxes are given in the
1-10 keV band, except where noted otherwise.
3 The Fe line in RXTE observations of LS 5039 is Galactic Ridge emission (Bosch-Ramon et al. 2005b).
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lightcurve and spectrum are characteristic of
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PSR B1259-63 has a well-documented regular behaviour in X-rays, with two peaks
in the lightcurve bracketing periastron at roughly ±20 days (Chernyakova et al. 2009
and references therein, Fig 3). From apastron to peak, the X-ray flux varies from FX ≈
(1 to 35)×10−12 ergcm−2 s−1. The absorption column density increases from NH ≈ (3
to 6)×1021 cm−2 (Chernyakova et al. 2006a). The variations are consistent with the Be
disc crossing times (§2.2.5). There is a noticeable hardening just before the first X-ray
peak with ΓX ≈ 1.2 compared with 1.6-1.8 at other times. The X-ray spectrum breaks
to ΓX ≈ 2 at 5 keV (Uchiyama et al. 2009) and thereafter continues at least up to
200 keV (Tavani et al. 1996a). The source is weakly variable (10-30%) on timescales
of 3-10 ks (Chernyakova et al. 2009; Uchiyama et al. 2009). Emission extending up
to 4′′ away southward is detected in Chandra observations taken near apastron. This
extended component has a luminosity LX ∼ 1032 erg s−1(about 8 times fainter than the
point source) and might be accompanied by a very faint (LX ∼ 1031 erg s−1) jet-like
feature extending up to 15′′ away southwest (Pavlov et al. 2011).
LS 5039 The X-ray flux is modulated on the orbital period (Fig. 4). The flux also
varies at the 10–20% level on timescales of 0.1-1 ks (Martocchia et al. 2005). Never-
theless, the orbital X-ray lightcurve is very regular with a peak at φ≈ 0.65±0.05 and a
minimum at φ≈ 0.15±0.05 for an overall amplitude of ≈ 40% (Takahashi et al. 2009;
Kishishita et al. 2009). The photon index varies with orbital phase from ΓX ≈ 1.45
(at φ = 0.5, apastron) to 1.61 (at φ = 0.1, close to φsup). The X-ray flux varies from
FX ≈ (5.2 to 12.1)×10−12 ergcm−2 s−1. The column density stays constant at a value
compatible with the ISM value NH ≈ 7.0× 1021 cm−2 (Martocchia et al. 2005). The
spectrum is a single power-law up to at least 70 keV. The source is detected with IN-
TEGRAL at 200 keV with a photon index of 2±0.2 (Hoffmann et al. 2009). LS 5039
is the counterpart to the “l=18◦” COMPTEL source (one of the 10 brightest sources
of the MeV sky), which has a spectrum ΓLE ≈ 1.5 compatible with the extrapolation
of the X-ray spectrum up to 10 MeV (Strong et al. 2001). A reanalysis of COMP-
TEL data found the source to be periodic, clinching the identification (Collmar et al.,
in prep.). The MeV orbital lightcurve is in phase with the X-ray lightcurve. Durant
et al. (2011) found X-ray emission extending up to 2′ in Chandra data ; it was not
confirmed by Rea et al. (2011) using a different Chandra dataset.
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LS I +61◦303 The X-ray flux is modulated on its 26.5 day orbital period, albeit with
important long-term changes that have been related to the 4.5 year superorbital cy-
cle (§2.2.5): for instance, the X-ray peak varies from φ ≈ 0.4 to φ ≈ 0.8 depending
on cycle (Paredes et al. 1997; Torres et al. 2010; Li et al. 2012; Chernyakova et al.
2012). The X-ray flux varies from FX ≈ (0.5 to 3)× 10−11 erg s−1cm−2, with some
indication of a correlation with the VHE fluxes measured during one orbit (MAGIC
collaboration et al. 2009b). The VERITAS collaboration et al. (2011b) did not con-
firm the correlation using data from multiple orbits. The X-ray spectrum is well-fitted
by an absorbed power-law. There is no sign of intrinsic absorption with NH typically
fixed at the ISM value (estimated to be in the range (4.9 to 7.5)×1021 cm−2, Paredes
et al. 2007). The spectrum hardens from ΓX =1.9 to 1.5 with increasing X-ray flux
(MAGIC collaboration et al. 2008; VERITAS collaboration et al. 2009a). There is no
cutoff or break up to 60 keV (INTEGRAL, Chernyakova et al. 2006b) or 300 keV
(OSSE, Strickman et al. 1998). A COMPTEL source is detected in the 3-10 MeV
range with a flat spectrum ΓLE ≈ 2 so the X-ray spectrum must break around 1 MeV
(Tavani et al. 1996b; van Dijk et al. 1996). The X-ray lightcurve fluctuates by 25%
on timescales of 1-10 ks (Sidoli et al. 2006; Esposito et al. 2007). In addition, sev-
eral flares during which the flux increases by a factor 3-6 were observed with Swift
and RXTE. The flares last tens to hundreds of seconds with doubling timescales as
fast as a few seconds (Smith et al. 2009; Li et al. 2011b)4. The Swift/BAT also trig-
gered on two bursts of X-ray emission lasting less than 230 ms in the direction of
LS I +61◦303 (Fig. 8, Barthelmy et al. 2008; Burrows et al. 2012). The total energy
involved is 1037(d/2kpc)2 erg s−1 and the radius of the 7.5 keV blackbody that best
fits the spectrum is 100 m. The lightcurve, duration, fluence and spectrum have all
the right characteristics of magnetar bursts (Dubus & Giebels 2008). The only likely
source within the 2.2′ error box is LS I +61◦303 (Mun˜oz-Arjonilla et al. 2009; Dubus
2010; Torres et al. 2012). Paredes et al. (2007) found evidence in Chandra data, at
the 3σ level, for X-ray emission extending beyond 5′′ N of LS I +61◦303. This weak
emission (≈ 2×1031 erg s−1) was not confirmed by Rea et al. (2011) using a different
Chandra dataset.
HESS J0632+057 The orbital period of 315±5 days was discovered thanks to X-ray
monitoring observations (Fig. 6, Bongiorno et al. 2011; Bordas & Maier 2012). The
folded lightcurve is reminiscent of the X-ray lightcurve of the colliding wind binary
η Car (§5.3), with an X-ray flare lasting 20-30 days (0.25 ≤ φ ≤ 0.35) followed by a
dip below the mean flux, again lasting 20-30 days (0.35 ≤ φ ≤ 0.45). The spectrum
hardens during the dip. The flux has also been observed to change by 40% on a
timescale of 10 ks (Hinton et al. 2009). The average photon index is ΓX ≈ 1.6 with
NH = 3.1×1021 cm−2 and FX ≈ (0.3 to 4.1)×10−12 ergcm−2 s−1. Rea & Torres (2011)
found that the column density increases from NH ≈ (2 to 4)×1021 cm−2 and that the
spectrum softens with ΓX ≈ 1.2 to 1.65 when the flux increases.
1FGL J1018.6-5856 has a double-peaked orbital modulation, with a sharp peak su-
perposed on a sine-like modulation shifted by ∆φ = 0.4 (Fig. 7, Fermi/LAT collab-
oration et al. 2012b). The XMM photon index is ΓX ≈ 1.7 for a column density of
4 The report of an X-ray quasi-periodic oscillation was disproved by Li et al. (2011b).
Gamma-ray binaries and related systems 17
NH ≈ 6.6× 1021 cm−2 (H.E.S.S. collaboration et al. 2012a). The average X-ray flux
with Swift is FX ≈ 2.3×10−12 ergcm−2 s−1 with the spectrum fitted by a harder mean
photon index ΓX ≈ 1.3 (Fermi/LAT collaboration et al. 2012b). There is a weak IN-
TEGRAL detection in the 18–40 keV band (Li et al. 2011a).
2.2.4 IR, optical, and UV
The massive star dominates the near-infrared, optical, and ultraviolet emission in all
gamma-ray binaries. The disc in the Be systems is manifest through its emission lines
and its infrared emission. Optical observations bring information on the distance, star,
orbital parameters, or proper motion of the system (§2.1.3). Variability in the optical
associated with the stellar wind can also shed light on processes at other wavebands.
PSR B1259-63 Negueruela et al. (2011) revised some of the initial measurements
from Johnston et al. (1994) that identified the companion as a Be star. The fast rotation
of the star (LS 2883) induces a 6500 K temperature gradient from pole to equator. The
system is likely a member of the Cen OB1 association, at a distance of 2.3±0.4 kpc,
further away than the previous best value of 1.5 kpc. The large equivalent width of Hα
(WHα ≈ −54 Å) implies a Be disc extending to 15-20 R? (Grundstrom & Gies 2006).
No changes in optical spectra have been reported around the time of periastron, when
the pulsar is closest to the disc. There are no published radial velocity measurements
from the optical lines.
LS 5039 Non-radial oscillations of the O star with an amplitude ≈ 7 km s−1 appear
to be present in the radial velocity data (Casares et al. 2011). The system has a high
peculiar velocity of 70–140 km s−1 (McSwain & Gies 2002): the Ser OB2 association
is a possible birthplace, at a distance of 1.5-2.0 kpc, implying the system has an age
of 1.0-1.2 Myr (Ribo´ et al. 2002; Moldo´n et al. 2012b). CNO-processed gas in the
stellar atmosphere also suggests the system is young (McSwain et al. 2004). The line
equivalent widths are modulated on the orbital period ; the optical continuum is not,
down to an amplitude ≈ 0.002 mag (Sarty et al. 2011).
LS I +61◦303 has been associated with the open cluster IC 1805 at 2.3 kpc (Gregory
et al. 1979). Hi radio observations place the system at 2.0±0.2 kpc (Frail & Hjellm-
ing 1991). Grundstrom et al. (2007) observed a weakening of Hα emission within a
few days, to WHα ≈-1 Å instead of the usual WHα ≈-12 Å to -18 Å, perhaps because
of sudden ionisation of the Be disc. They estimated the disc size to be ≈ 4− 6R?.
Changes in the approaching component of the double-peaked Hα line indicate the
presence of a spiral wave due to tidal forces but also of more complex velocity struc-
tures (McSwain et al. 2010). The spectral lines properties vary together with the 4.5 yr
superorbital period (Zamanov et al. 1999). The optical and infrared fluxes are modu-
lated on the orbital period by 5-10% (Mendelson & Mazeh 1989; Paredes et al. 1994;
Zaitseva & Borisov 2003). Martı´ & Paredes (1995) interpreted this modulation as
attenuation by the Be disc of light from the vicinity of the compact object.
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HESS J0632+057 The star (HD 259440 ≡ MWC148) was identified early on as a
possible counterpart (H.E.S.S. collaboration et al. 2007; Hinton et al. 2009). Arag-
ona et al. (2010) proposed that the system originates from the cluster NGC 2244 at
1.6±0.2 kpc. Aragona et al. (2010) and Casares et al. (2012) reported on their search
for radial velocities. The large equivalent width of Hα (WHα ≈ −50Å) points towards
a large size for the Be disc size ≥ 10R?, compatible with the long orbital period, and
favours a low inclination (Grundstrom & Gies 2006). The hydrogen line profiles are
asymmetric, as with LS I +61◦303. Shallow He i and He ii lines in absorption as well
as numerous double-peaked Fe ii lines are also detected.
1FGL J1018.6-5856 The star was unknown prior to the Fermi/LAT discovery. Opti-
cal observations have determined the spectral type, estimated the distance and searched
(unsuccessfully) for modulations (Fermi/LAT collaboration et al. 2012b). Follow-up
studies of this bright (B = 12.8) star with a 16.6 day orbital period should bring more
information on the orbit and stellar parameters.
2.2.5 Radio and mm
All of the gamma-ray binaries are radio sources – something unusual amongst the
wider population of high-mass X-ray binaries5. Their variable radio spectra is con-
sistent with synchrotron emission. The sources are resolved on milliarsecond scales.
PSR B1259-63 has pulsed radio emission with an amplitude of 20 mJy at 1.4 GHz for
a mean flux of a few mJy with a flat spectral index (Manchester et al. 1995; Kijak et al.
2011). The pulse lightcurve has two peaks separated by 140◦, interpreted as a wide
cone of emission from a single polar region (Manchester et al. 1995). Spindown of the
47.7 ms pulse provides an estimated magnetic field B≈ 3.3×1011 G and age τ ≈ 3.3×
105 yr for the pulsar (§4.1.1). The pulsation disappears completely for ≈30-40 days
around periastron, as a result of free-free absorption by the circumstellar material.
The absorption and the varying rotation and dispersion measures are best modelled
by an intervening disc inclined by 10◦ from the orbital plane (Melatos et al. 1995).
Higher inclinations have been suggested (Wex et al. 1998). Non-pulsed emission,
related to the interaction of the pulsar with the Be disc, appears ≈ 20 days before
periastron, lasting up to 100 days after. The radio spectrum is a power-law Fν ∝
να with a spectral index α ≈ −0.6, consistent with synchrotron emission, with signs
of absorption below 2 GHz before periastron passage (Johnston et al. 2005). The
lightcurve peaks once ≈10 days before periastron and, again, ≈ 20 days after, reaching
flux densities of 50 mJy at 2 GHz (Fig. 3). The changes in lightcurve shape from
orbit to orbit probably reflect changes in the circumstellar environment probed by the
pulsar. Moldo´n et al. (2011a) resolved the radio emission during the 2007 passage:
its size is ≈ 50 mas (120 AU at 2.3 kpc) and it peaks at a distance 10 to 20 mas from
the system (25–45 AU).
5 The only radio sources amongst the 117 HMXBs of Liu et al. (2006) are LS 5039, LS I +61◦303, γ
Cas, IGR J17091-3624, V4641 Sgr, SS 433, Cyg X-1, Cyg X-3 and CI Cam (likely a nova).
Gamma-ray binaries and related systems 19
Fig. 9 Maps of the 8 GHz radio emission from LS I +61◦303 obtained in consecutive VLBA observations
covering an orbit of the binary. The above is a montage with the maps (resolution 1.1×1.5 mas) organized
by phase around an exaggerated orbit (real size 0.3 mas). Figure reprinted with permission from Dhawan
et al. (2006).
LS 5039 has persistent radio emission with ∼< 30% variability around a mean level≈ 30 mJy at 2 GHz (Ribo´ et al. 1999). The radio flux is not known to vary on the
orbital period. The spectrum is a power-law of spectral index α ≈ −0.5 breaking to
an absorbed, optically thick spectrum below 1 GHz with α ≈ 0.75 (Godambe et al.
2008; Bhattacharyya et al. 2012). The radio emission was first resolved by Paredes
et al. (2000) on scales of 1–6 mas (≥2.5 AU). Further observations found that the
radio morphology changes with orbital phase and is stable from orbit to orbit (Ribo´
et al. 2008; Moldo´n et al. 2012a). Emission on larger scales (60–300 mas) has also
been reported (Paredes et al. 2002).
LS I +61◦303 ’s 26.5 day orbital period is best determined from its regular radio out-
bursts (Fig. 5). An additional period at 1667±8 days appears in the radio lightcurve
accumulated since the 1980s (Gregory 2002). This superorbital period is also present
in HE gamma-rays, X-rays, and optical. The peak phase (φ ≈ 0.4 to 1.0), maximum
intensity (50–300 mJy), and amplitude (factor 2-10) of the radio outburst depend on
the superorbital cycle. Taking this into account, Chernyakova et al. (2012) noticed
that the radio peak follows the X-ray peak after a delay of ∆φ ≈ 0.2 (see also Harri-
son et al. 2000). The spectrum varies from optically thick to thin indices during the
outburst (α ≈ 0.4 to α ≈ −0.5, Ray et al. 1997; Massi & Kaufman Bernado´ 2009).
Dhawan et al. (2006) presented VLBI observations throughout an orbit (Fig. 9). The
radio source is resolved on mas scales (2 AU), elongated by ≈ 7 mas, the position
angle changing with φ, with lower frequency emission occurring further away along
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the radio “tail”. Identical morphologies are seen in maps obtained at the same orbital
phase but at different times (MAGIC collaboration et al. 2008). Large scale radio
emission surrounds LS I +61◦303, probably an Hii region (Frail et al. 1987; Martı´
et al. 1998). If LS I +61◦303 were to be at the center of its supernova remnant then
this would constrain the system age to be ∼< 104 yr.
HESS J0632+057 has a variable radio counterpart with an average spectral index
α = −0.6 (Skilton et al. 2009). The source is weak ≈ 0.2 − 0.7 mJy at 1–5 GHz.
Moldo´n et al. (2011b) obtained two VLBI maps, one during decline from the X-
ray peak and another during the X-ray dip. The emission in the latter is fainter and
extended by ≈ 50 mas with the peak displaced by 14 mas from the earlier observation
(more than the orbital size).
1FGL J1018.6-5856 is modulated in radio on the orbital period with a sine wave pat-
tern from 2 to 6 mJy, close in phase with the sine wave X-ray modulation (Fermi/LAT
collaboration et al. 2012b). The spectral index is variable around α ≈ 0. If due to ab-
sorption, the modulation should disappear at higher frequencies when the emission
becomes optically thin. Finding the transition frequency constrains the location of ra-
dio emitting electrons. For instance, in LS 5039, the 9 GHz emission is optically thin,
unmodulated, and must come from regions beyond a few AU based on the free free
opacity (§3.2). H.E.S.S. collaboration et al. (2012a) noted that 1FGL J1018.6-5856
is located in the centre of SNR G284.3–1.8: a physical association would imply a
young age for the system.
2.3 The multi-wavelength picture: a summary
Figures 3-7 show the lightcurves and spectral energy distributions of the five binaries.
Table 2 summarises the multiwavelength picture of gamma-ray binaries. The range in
fluxes for each band indicates the minimum and maximum values of the orbit-related
variability For VHE gamma rays, the normalisation at 1 TeV gives the easiest com-
parisons. For HE gamma rays, the parameters correspond to spectral fits assuming a
power-law with an exponential cutoff, although there is substantial spectral variabil-
ity for PSR B1259-63 and 1FGL J1018.6-5856 (§2.2.2). LHE for PSR B1259-63 is
computed from the average spectrum during the flare. The unabsorbed X-ray flux is
given in the 1-10 keV band, with the range indicating the amplitude of the modulation
(ignoring the flares or bursts from LS I +61◦303, §2.2.3). The isotropic luminosities
use the distances in Tab. 1. The VHE luminosities are derived from the average spec-
tral fit mentioned in the text (§2.2.1) (typically corresponding to a high VHE state).
The HE luminosities are derived from the average fluxes given in the text (§2.2.2),
except for PSR B1259-63 where the average flux during the “flare” was used. The
X-ray and radio luminosities use the maximum flux value given in the table.
All systems have LX ∼ LVHE, hard X-ray slopes and soft VHE slopes, demonstrat-
ing that the dominant radiative output occurs in the 1 MeV – 100 GeV range. Indeed,
all systems have LHE ∼> 20LVHE except HESS J0632+057, which clearly stands out
with LHE ∼< LVHE. Even though HESS J0632+057 is intrinsically fainter by a factor
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≈ 10 than the other binaries, this peculiar dearth of HE emission is a challenge to
models (§4.4.1). The comparable VHE fluxes from system to system reflects the sen-
sitivity of IACTs. The X-ray sources are not exceptionally bright: there are ∼> 100 X-
ray sources in the Galactic Plane, typically accreting X-ray binaries, that are brighter
than LS I +61◦303 (compare the mean count rate of 0.2 counts s−1 reported in Pare-
des et al. 1997 to the logN-log S derived from the RXTE/ASM by Grimm et al.
2002). The radio sources, at flux minimum, are near the completeness limit of radio
surveys (2.5 mJy at 1.4 GHz for the NRAO VLA Sky Survey). Hence, VHE and HE
gamma-ray observations remain the best way to identify them at present. A point-like
gamma-ray source in the Galactic plane coincident with a radio, X-ray and a massive
star counterpart makes for a very good gamma-ray binary candidate.
3 Accretion-powered microquasars or rotation-powered pulsars ?
Gamma-ray binaries share many spectral and variability properties, notably the ubiq-
uity of orbital modulations at all wavelengths. All have a massive stellar companion,
radio emission, modest X-ray fluxes, hard X-ray spectra up to high energies. Taken
together, these characteristics indicate that gamma-ray binaries form a distinct class
of systems from high-mass X-ray binaries (HMXBs). HMXBs also have compact ob-
jects in orbit around massive stars, but reach higher X-ray luminosities, rarely show
radio emission (§2.2.5), have curved X-ray spectra and X-ray pulsations (White et al.
1995). Nearly all HMXBs harbour neutron stars, with only a handful containing black
hole candidates. HMXBs are driven by accretion of material from the stellar wind or
circumstellar disc of the O or Be companion. The plasma follows the magnetic field
lines close to the neutron star, accreting onto the magnetic poles, producing X-ray
pulses as the poles cross the line-of-sight. HMXBs are not radio pulsars because the
density of infalling material close to the poles shorts out the electric field and coherent
emission responsible for radio pulsations.
Radio pulsars do not accrete because the pulsar wind pressure is large enough
to prevent material from falling into the gravitational potential of the neutron star
(§4.1.3). In PSR B1259-63, a shock forms between the pulsar wind and the circum-
stellar material. The non-thermal emission is thought to be due to high energy parti-
cles that are scattered and accelerated at the shock, as in pulsar wind nebulae (PWN,
see e.g. Gaensler & Slane 2006, for a review). PSR B1259-63 is at present the only
binary system with a massive star where this is proven to occur. This scenario, ini-
tially sketched by Shvartsman (1971), was discussed by Illarionov & Sunyaev (1975),
soon after the importance of pulsar winds in shaping the nebulae around pulsars was
realized (notably the Crab nebula). Basko et al. (1974) and Bignami et al. (1977)
put forward the idea to explain the high-energy emission from Cyg X-3. This was
abandoned when the high luminosity, variability, radio ejections indicated Cyg X-3
is an accreting system (see §5.1.3). Later, Maraschi & Treves (1981) proposed this
scenario for LS I +61◦303 and Tavani et al. (1994) applied it to PSR B1259-63.
However, by the end of the 1990s, radio observations of X-ray binaries had es-
tablished accreting binaries as sources of non-thermal radiation and relativistic jets
(Fender 2006). The discovery of elongated radio emission on milliarcsecond scales
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Fig. 10 Scenarios for gamma-ray emission from binaries. Left: the relativistic wind from a rotation-
powered pulsar interacts with the stellar wind (and Be disc if present) of its massive companion star.
Pulsar inset shows the magnetic field lines within the light cylinder. Gamma-ray emission can occur near
the pulsar, within the pulsar wind, or at the shocks terminating the pulsar and stellar wind. Right: the com-
pact object accretes matter from the stellar wind or Be disc. Part of the energy released in the accretion
disc is used to launch a relativistic jet. Gamma-ray emission can arise from the corona of the accretion
disc, within the jet, or at the termination shock of the jet with the ISM.
in both LS 5039 (Paredes et al. 2000) and LS I +61◦303 (Massi et al. 2001) were
thus interpreted as relativistic jets. Relativistic jets are the most striking analogy be-
tween accretion onto the stellar-mass compact objects in X-ray binaries and onto the
supermassive black holes in Active Galactic Nuclei (AGN), hence the name “micro-
quasars” for X-ray binaries with relativistic jets (Mirabel et al. 1992). Similarities also
exist in timing and spectral characteristics. The analogy prompted speculation that,
like AGNs, some X-ray binaries could be gamma-ray emitters with particles acceler-
ated in the jet responsible for the non-thermal emission. LS 5039 and LS I +61◦303
would be examples of such gamma-ray microquasars.
The detection of gamma-ray binaries initiated a debate as to whether the high-
energy emission was ultimately due to accretion energy released in the form of a
relativistic jet (microquasar scenario) or due to rotational energy released as a pulsar
wind (pulsar scenario), with the cometary tail of shocked pulsar wind material mim-
icking a microquasar jet (Dubus 2006b; Mirabel 2006; Romero et al. 2007, Fig.10).
A minimum mass > 3M would imply a black hole compact object and rule out a pul-
sar (§2.1.3). Inversely, pulsations would confirm the pulsar wind interpretation (§3.2).
Both have proven elusive to obtain, so distinguishing between the two scenario relies
on indirect evidence.
3.1 Indirect evidence for the pulsar scenario
The current array of indirect evidence favours the pulsar interpretation over the ac-
creting microquasar scenario. The main arguments are given below, more or less in
order of decreasing weight, placed in the context of isolated pulsars and pulsar wind
nebulae (PWN), along with caveats.
– The spectral and timing characteristics are similar in all five systems suggest-
ing that, like PSR B1259-63, all are powered by the spindown of a pulsar. High
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gamma-ray luminosities, as seen in gamma-ray binaries, are also a generic prop-
erty of pulsars. Pulsars and their nebulae are the most common class of galactic
sources in the HE and VHE domain. Compared with isolated PWN, gamma-ray
binaries have steeper VHE spectral indices by about ∆Γ ≈ 0.5 and a lower ratio
LVHE/LX ≈ 1. Taken at face value, the latter is compatible with young, ∼< 104 yr
old, PWN (Mattana et al. 2009; Kargaltsev & Pavlov 2010).
– The detection of two magnetar bursts from the direction of LS I +61◦303 with
no other obvious counterpart (§2.2.3). Magnetar behaviour would imply a high
magnetic field for the pulsar (§4.1.3) and that magnetic energy is also tapped (at
least sporadically) in addition to the rotational energy.
– Radio emission elongated along one direction with position angle dependent on
orbital phase and a repeatable morphology from orbit to orbit (§2.2.5). Such
“comet tail” behaviour is natural in a binary PWN scenario. The alternative is
that the one-sided radio emission is due to Doppler boosting of the approaching
jet in a microquasar scenario. However, the jet direction is not expected to change
with orbital phase. The constraints derived from the flux ratio between approach-
ing and receding jet point require precession of the jet direction on the orbital
timescale (Massi et al. 2004; Ribo´ et al. 2008), which would be unique.
– The HE spectrum with an exponential cutoff is a hallmark of pulsars, used as
a criterion to identify candidate pulsars amongst Fermi/LAT sources (Fermi/LAT
collaboration et al. 2012a). The photon index and cutoff energy are in the range of
values observed from gamma-ray pulsars (Fermi/LAT collaboration et al. 2010c).
However, the orbital variability in HE gamma rays is not expected from the stan-
dard pulsar magnetospheric emission models (§4.4.1).
– X-ray indices are in the range of PWN (Kargaltsev & Pavlov 2010) and show
no cutoffs up to MeV energies. Based on isolated PWN, the X-ray luminosity of
gamma-ray binaries suggests E˙ ≈ 1037 erg s−1 (Becker 2009; Mattana et al. 2009;
Kargaltsev & Pavlov 2010). HMXB spectra turn over around 30 keV. Low-mass
X-ray binary (LMXB) spectra cut off around 100 keV. Hard photon indices in ac-
creting binaries are always associated with strong, red noise variability up to kHz
frequencies (Remillard & McClintock 2006), not seen in gamma-ray binaries de-
spite their hard spectra. The X-ray spectral changes commonly seen in accreting
X-ray binaries have not been observed in gamma-ray binaries. However, wind ac-
cretion leads to small discs (Beloborodov & Illarionov 2001). In extreme cases no
accretion disc is formed, yet a jet can still be launched by the Blandford-Znajek
process (Barkov & Khangulyan 2012).
– Radio emission is expected from a PWN but rare in a HMXB. The radio indices in
the ≈ 1–10 GHz band are mostly optically thin, as expected from a PWN, whereas
an optically thick index (from the self-absorbed jet emission) is always found
together with a hard X-ray index in LMXB (Remillard & McClintock 2006). The
optically thick radio indices found at lower frequencies in gamma-ray binaries
can be explained by absorption in the wind. They have also been discussed in the
microquasar scenario (Massi & Kaufman Bernado´ 2009).
– The repeatable orbital modulations at nearly all wavelengths suggest a steady
injection of energy, as expected from a pulsar wind. However, accretion can also
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lead to modulations since the Bondi rate changes along the eccentric orbit (e.g.
Martı´ & Paredes 1995).
Some of the observations remain puzzling within the usual pulsar/PWN phe-
nomenology. They might be related to the binary nature of the source. The orbital
variability of the “pulsar-like” HE spectrum is probably the thorniest (§4.4.1). The
X-ray flaring behaviour on timescales of 1–1000 s (§2.2.3) is also unexpected in a
standard PWN scenario. However, the timescales are compatible with the scale of
the termination shock and the changes could be due to clumps in the stellar wind
(Smith et al. 2009; Zdziarski et al. 2010b; Rea et al. 2010). The detection of X-
ray and gamma-ray flares from the Crab nebula (Wilson-Hodge et al. 2011; Buehler
et al. 2012) proves phenomenologically that PWN can be variable on much shorter
timescales than previously thought possible. X-ray emission on scales of arcseconds
to arcminutes, if confirmed, is also at odds with an intra-binary termination shock:
perhaps this emission arises from a larger shock with the ISM (Bosch-Ramon &
Barkov 2011). The long-term changes in flux in LS I +61◦303 (§2.2.1-2.2.2), the pe-
riodic radio flares of LS I +61◦303 and PSR B1259-63 (§2.2.5) might be linked to
changes in circumstellar material probed by the pulsar along its orbit.
3.2 Detecting pulsations
The detection of pulsed non-thermal emission would prove the pulsar scenario. This
section presents the current upper limits and prospects to detect pulsations in gamma-
ray binaries (besides PSR B1259-63).
Radio In radio the most constraining upper limits are from McSwain et al. (2011),
who report limits of 4-15 µJy at 1.6 GHz to 9.3 GHz for LS 5039 and LS I +61◦303.
The orbital phases were chosen to be close to apastron and to have minimal Doppler
shifts due to orbital motion. The upper limits are smaller than the amplitude of the
radio pulsation in PSR B1259-63. However, they note that their upper limit is still
compatible with the presence of a radio pulsar because of free-free absorption by the
stellar wind in those systems.
For an isotropic, isothermal stellar wind with constant mass-loss rate M˙w and
speed vw, if the pulsed emission is at a distance d from the massive star then, inte-
grating radially outward for simplicity, the free-free opacity is:
τff =
∫ ∞
d
0.018T−3/2Z2nenigffν−2dr ≈ 0.018 gffν−2T−3/2w Z2
∫ ∞
d
M˙2w
(4pir2vw)2µiµem2p
dr
(1)
τff ≈ 14.7 gff
(
ν
109 Hz
)−2 ( M˙w
10−7 M yr−1
)2 ( vw
1000kms−1
)−2 ( Tw
10000K
)−3/2 ( d
1AU
)−3
(2)
using the absorption coefficient for hν kTw from Rybicki & Lightman (1979), with
Z2 ≈ 1.4, µi ≈ 1.30, µe ≈ 1.18 for an ionised solar composition and typical parame-
ters for the stellar wind (§2.1.2). In PSR B1259-63, the stellar wind mass loss rate
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is M˙w ∼ 10−8 M yr−1 (Melatos et al. 1995). The free-free opacity becomes opti-
cally thick, τff ∼> 1, at distances d ∼< 1.9 AU using Eq. 2, roughly consistent with
the disappearance of radio pulsations ≈20 days before and after periastron passage
(d ∼< 1.5 AU). For LS 5039 and LS I +61◦303 the free-free absorption is too high to
detect radio pulsations because of the tight orbits (Taylor & Gregory 1982; Dubus
2006b; Zdziarski et al. 2010b; McSwain et al. 2011; Can˜ellas et al. 2012). Higher
frequencies would be preferable to reduce absorption, to be balanced against the
typical pulsar radio spectrum Fν ∝ ν−1.5 (Manchester & Taylor 1977). The orbit of
HESS J0632+057 leaves more hope for detection.
X-ray Radio pulsars can also have X-ray pulsations (although in this case the mech-
anism for X-ray emission is different from that of X-ray pulsars in HMXBs). Upper
limits on the pulsed fraction of 8%–15% for PSR B1259-63 (Hirayama et al. 1999;
Rea et al. 2010), 10%–15% for LS 5039 and LS I +61◦303 (Martocchia et al. 2005;
Rea et al. 2010, 2011), 35% for HESS J0632+057 (Rea & Torres 2011) have been ob-
tained over a typical frequency range of 0.001–175 Hz. These limits are compatible
with the X-ray pulsed fractions of rotation-powered pulsars, which range from 2% to
99% (Rea et al. 2011). The pulsed fraction is also diluted because the contribution
to the X-ray flux from the (unpulsed) emission of the pulsar wind nebula is likely to
dominate in gamma-ray binaries (§4.2.2).
High-energy gamma rays The last window where pulsations might be found is in
HE gamma rays. Pulsations from PSR B1259-63 were searched for, without success,
despite the precise radio pulsar ephemeris (Fermi/LAT collaboration et al. 2011).
However, PSR B1259-63 is not an isolated case: 30 pulsars with E˙ ≥ 1036 erg s−1
and available pulse ephemeris remain undetected in gamma rays (Fermi/LAT col-
laboration et al. 2013b). They could be intrinsically faint or the geometry could be
unfavourable for detecting gamma rays. A direct detection of GeV pulsations from
the other gamma-ray binaries appears difficult. While dozens of isolated pulsars have
been found directly from blind pulsation searches of the gamma-ray data, the detec-
tion of pulsars in binaries requires knowledge of the orbital parameters to correct
for orbital motion. The gamma rays cannot be folded coherently on the pulse period
if this correction is not applied with high precision. The search becomes computa-
tionally prohibitive when the orbit is unknown. Hence, new millisecond pulsars in
binaries are usually detected by following-up candidate gamma-ray sources in ra-
dio, where the shorter integration times make it easier to correct for orbital motion.
The first detection of a pulsar in a binary directly from a (semi-)blind search of the
gamma-ray photons was reported only recently (the search used a circular orbit with
a period determined from optical observations to a precision of ≈ 0.1 s, Pletsch et al.
2012). The current precision on the orbital parameters is insufficient to make such a
search feasible in gamma-ray binaries (Caliandro et al. 2012).
3.3 The population of gamma-ray binaries
PSR B1259-63 is not the only known pulsar with a massive companion. The pul-
sar catalog (Manchester et al. 2005) lists three systems where the minimum mass
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PSR B1259-63 PSR J1740-3052? PSR J1638-4725 PSR J0045-7319†
M? (M) 31 (> 3) >11 > 6 > 4
spectral type O9.5Ve B?V ? B1V
Porb (days) 1237 231 1941 51‡
Ppulse (s) 0.048 0.570 0.764 0.926
E˙ (1034 erg s−1) 80 0.5 0.04 0.02
τsd (105 yr) 3.3 3.5 52.8 32.9
e 0.87 0.58 0.96 0.81
d (kpc) 2.3 11 (6-7)⊕ 61 (SMC)
dperiastron (AU) 0.9 0.7 0.2 0.1
dapastron (AU) 13 2.7 11.6 0.9
? Stairs et al. (2001); Bassa et al. (2011); Madsen et al. (2012)
 Lorimer et al. (2006)
⊕ scaling the K mag of coincident source 2MASS J16381302-4725335 with that of LS I +61◦303,
gives a distance consistent with the dispersion measure distance in Lorimer et al. 2006.
† Kaspi et al. (1994); Bell et al. (1995); Kaspi et al. (1996a,b)
‡ 7.3 year superorbital modulation (Rajoelimanana et al. 2011)
Table 3 Radio pulsars in binaries with massive companions (pulsar catalog, Manchester et al. 2005).
of the companion, derived from pulsar timing, is greater than the minimum mass
of the companion of PSR B1259-63 (Tab. 3). The pulsars are not eclipsed in PSR
J1740-3052 and PSR J0045-7319. The very small dispersion measured throughout
the orbit restricts the stellar wind mass loss rate in these systems to (respectively)
M˙w ≈ 10−9 M yr−1 (Madsen et al. 2012) and 10−11 M yr−1 (Kaspi et al. 1996b).
The very low M˙w in PSR J0045-7319 has been interpreted as evidence for the impact
of the low SMC metallicity on radiatively-driven winds. PSR J1638-4725 is known
to be radio-quiet over a fifth of its orbit (McLaughlin 2004). The M˙w in PSR J1740-
3052 is on the low side for a massive companion, although similarly low values have
been observed in other stars (Madsen et al. 2012). None of these systems are known
gamma-ray sources, which is no surprise given their much lower E˙ and larger dis-
tances compared with PSR B1259-63.
Together with gamma-ray binaries (assuming these are pulsars), these systems
constitute the progenitors of HMXBs (Shvartsman 1971) and, consequently, also of
the merging neutron star – stellar-mass black hole or neutron star systems that are
targeted by ground-based searches for gravitational waves (Postnov & Yungelson
2006). Magnetic flux and angular momentum conservation imply that neutron stars
are born spinning rapidly and with a high magnetic field i.e. with a high E˙. The power
in the pulsar wind decreases as the pulsar spins down until pressure from the wind
becomes too weak to hold off Bondi-Hoyle accretion of the stellar wind (§4.1.3).
Accretion starts at this point, turning off the radio pulses, the pulsar wind, and the
associated non-thermal emission. The gamma-ray binary becomes a HMXB. The
lifetime of a wind-fed HMXB is at most that of its massive companion, a few 106 yr.
In comparison, the lifetime of the gamma-ray binary phase is at most the spindown
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timescale
τsd =
P
(n−1)P˙
[
1−
(Pi
P
)n−1]
≈ P
2P˙
≈ 2pi
2I
P2E˙
≈ 6×105
(
0.1s
P
)2 (1035 ergs−1
E˙
)
yr (3)
where n≈ 3 for dipole radiation, I = 1045 g cm2 is the moment of inertia of the neutron
star, Pi  P is the birth period, and the timescale is scaled for a pulse period of
0.1 s and a spindown luminosity of 1035 erg s−1, typical values for the young pulsars
detected by Fermi/LAT. High spindown luminosities are necessary to have a strong
pulsar wind pressure (p ∝ E˙) and a bright gamma-ray source. Hence, the gamma-ray
binary phase is short in the evolution of the binary system. Indeed, there are only 5
known gamma-ray binaries (plus a couple more from Tab. 3) compared with > 100
known HMXBs (∼>80% of them with Be companions).
The number of such systems in our Galaxy may be estimated from models of
the HMXB population. These models depend on assumptions for the initial binary
parameters and various key processes in its evolution (winds, common envelope, su-
pernova, etc). Constraints on mass loss and neutron star kick during the supernova
are actually derived from the orbital eccentricity of gamma-ray binaries and the ori-
entation of the star with respect to the orbital plane (Ribo´ et al. 2002; McSwain &
Gies 2002; McSwain et al. 2004). The HMXB birth rate is typically ∼ 10−3 yr−1
(Meurs & van den Heuvel 1989; Iben et al. 1995; Portegies Zwart & Verbunt 1996;
Portegies Zwart & Yungelson 1998). Hence, the number of gamma-ray binaries is
∼100 with a 105 yr lifetime. Alternatively, the three brightest systems (PSR B1259-
63, LS I +61◦303, LS 5039) are within 3 kpc of the Sun, in a volume corresponding
to ∼ 10% of the volume of our Galaxy. The total number in the Galaxy of similarly
luminous systems, if they are distributed uniformly, would be ∼ 30.
The HE luminosity of PSR B1259-63, LS I +61◦303, and LS 5039 is∼> 1035 erg s−1
(Tab. 2). Any equivalently-luminous gamma-ray binary within 9 kpc would be bright
enough to appear in the second Fermi/LAT source catalog (FHE ∼> 10−11 erg s−1 cm−2,
see Fig. 7 in Nolan et al. 2012), meaning a dozen could be lurking amongst the
254 Fermi/LAT sources with |b| ≤ 2◦. Some could be found in searches for variable
sources in the Galactic Plane (Neronov et al. 2012; Fermi/LAT collaboration et al.
2013). In VHE, the HESS Galactic Plane survey is thought to be complete down to
8.5% of the flux from the Crab nebula (Renaud 2009). The corresponding normali-
sation at 1 TeV is K ≈ 3× 10−12 phcm−2 s−1 TeV−1, comparable to those of detected
gamma-ray binaries6. However, the faintest sources in the survey are about 4 times
fainter so there is also scope for a few more detections using the current generation
of IACTs. With a ten-fold improvement in sensitivity, the Cherenkov Telescope Ar-
ray (CTA) can be expected to detect a couple dozen gamma-ray binaries (Paredes
et al. 2013). These numbers are subject to caution. Detectability is dependent on the
duty cycle of gamma-ray emission. PSR B1259-63 and HESS J0632+057 illustrate
how VHE detectability strongly depends on orbital phase, and the orbital periods can
be long. HESS J0632+057 (and the radio pulsars in Tab. 3) proves that much less
gamma-ray luminous sources exist. Surveys could reveal many more than extrapo-
lated here, depending on the log N − logS distribution of gamma-ray binaries.
6 The Crab normalised flux at 1 TeV is K ≈ 3.5×10−11 phcm−2 s−1 TeV−1 for a single power-law fit with
ΓVHE ≈ 2.6 (H.E.S.S. collaboration et al. 2006a). The VHE slope of gamma-ray binaries is comparable.
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3.4 Low-mass gamma-ray binaries ?
The radio pulsar catalog also lists more than a hundred radio pulsars in low-mass
binaries with companions ranging from 1.7 M down to 0.02 M, orbital periods from
0.07 days up to hundreds of days, and E˙ as high as 1035 erg s−1. Dozens of those have
also been detected in HE gamma rays by Fermi/LAT (Fermi/LAT collaboration et
al. 2013b). The processes at work in some of these systems are similar to those in
gamma-ray binaries.
Gamma-ray pulsars in low-mass binaries are old pulsars that have been spun-
up (“recycled”) to millisecond rotation periods by the accretion of mass from their
companion (Lorimer 2005). Accretion is stopped once the neutron star rotates fast
enough, followed by the radio pulsar – and pulsar wind – switching on (see §4.1.3).
Hence, these systems are the rotation-powered descendants of accreting LMXB, mir-
roring the passage of a gamma-ray binary to an accreting HMXB. A couple of sys-
tems have been observed to transit from the accreting, LMXB stage to the radio pul-
sar stage (PSR J1023+0038, Archibald et al. 2009; IGR J18245-2452, Papitto et al.
2013). PSR J1023+0038 is also a weak Fermi/LAT source (Tam et al. 2010). The low-
mass X-ray binary XSS J12270–4859, also associated with a Fermi/LAT source and
observationally similar to PSR J10123+0038, may be another example of a source
undergoing this transition (de Martino et al. 2010, 2013; Hill et al. 2011b).
In black widow pulsars, the pulsar wind ablates the surface of its low-mass com-
panion, producing a bow shock (Phinney et al. 1988). Another shock occurs where
the pulsar wind interacts with the ISM. Redbacks are similar systems with 0.2-0.4
M companions. Fermi/LAT has detected gamma rays from more than a dozen black
widows and redbacks (Roberts 2012). Non-thermal emission from the intra-binary
shock, detected in X-rays in these systems (e.g. Bogdanov et al. 2005), could con-
tribute unpulsed gamma-ray emission. In nearly all systems, the gamma-ray emission
is identical to that of isolated pulsars and shock emission is undetected. However, Wu
et al. (2012) found evidence for an orbital modulation of the HE gamma-ray emission
in the original black widow pulsar (PSR B1957+20). The pulsar spectrum with a cut-
off at Ec ≈ 1GeV is not variable ; the modulation is restricted to the second spectral
component that appears above 2.7 GeV, which they attribute to pulsar wind emission.
The system behaves like a “low-mass” gamma-ray binary.
4 Models of gamma-ray binaries
If gamma-ray binaries harbour rotation-powered pulsars, how do the observations de-
scribed above fit in our broad understanding of the way pulsars function and what are
the consequences ? §4.1 presents pulsar winds and the conditions for their presence in
binaries. §4.2 describes what happens at the shock. §4.3 addresses the generic radia-
tive models that have been put forward to explain the modulated gamma-ray emission
in binaries. §4.4 discusses challenges to models and how gamma-ray binaries probe
pulsar winds in a novel way.
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4.1 Gamma-ray binaries as pulsars in binaries
4.1.1 Pulsar winds
Conservation of angular momentum and magnetic flux implies that neutron stars are
born from their massive star progenitors as fast-rotating, intense dipoles. Dipolar field
lines open up beyond the light cylinder radius
RL =
c
Ω
=
cP
2pi
= 5×109
( P
1s
)
cm (4)
where co-rotation with the neutron star would require superluminal speeds. Particles
moving along open field lines escape, forming a pulsar wind carrying away energy at
a rate (Spitkovsky 2006; Pe´tri 2012, and references therein)
E˙ ≈ B
2
nsR
6
nsΩ
4
c3
(
1 + sin2χ
)
(5)
where χ is the obliquity (inclination of the magnetic field axis with respect to the spin
axis, χ= 0◦ when aligned), Bns the magnetic field intensity at the neutron star surface,
and Ω = 2pi/P. The rotation of the neutron star provides the energy reservoir that is
being tapped at a rate
E˙ = −IΩdΩ
dt
= −2
5
GMR2nsΩΩ˙. (6)
with I the moment of inertia of the neutron star. The surface magnetic field of pulsars
Bns can be estimated from the observation of Ω and Ω˙ by equating Eqs. 5-6. Old,
“recycled” millisecond pulsars typically have Bns ∼ 109 G. Young pulsars have Bns ∼
1012 G. Magnetars have magnetic fields typically above the critical “Schwinger” field
Bcrit = (m2ec
3)/(e~) ≈ 4.4×1013 G, up to 1015 G.
The emission from pulsars represents only a fraction of the measured spindown
power E˙ (with a caveat on beaming corrections). Most of the pulsar’s spindown power
is thought to be carried by the pulsar wind. This energy is released when the wind
interacts with the surrounding medium (ISM, supernova ejecta, stellar wind) to create
a pulsar wind nebula. The wind initially has a high magnetisation
σ =
B2
4piΓnemec2
(7)
where Γ is the Lorentz factor of the particles with number density ne. A high σmeans
that the energy is carried by the magnetic field. However, assuming the termination
shock behaves like an MHD shock, high σ winds do not give enough energy to the
particles at the shock to explain PWN emission, suggesting a transition occurs from
a high σ close to the pulsar to a low σ at the shock (Kennel & Coroniti 1984a,b).
The “σ problem” is a long-standing issue of pulsar physics, also applicable to
relativistic jets where a similar transition may occur. In pulsars, the open field lines
originating from opposed magnetic poles have a different polarity and are thus sepa-
rated by a current sheet that oscillates around the equator as the neutron star rotates.
The current sheet is “striped”. Reconnection in the current sheet may redistribute
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Fig. 11 Geometry of the interaction
region between a pulsar wind and a
stellar wind. Here, the pulsar wind is
completely confined. Sketch based on
a relativistic hydro simulation (cour-
tesy of A. Lamberts).
energy from the magnetic field to the particles. The compression of the stripes at
the termination shock can also trigger reconnection. Standard pulsar models assume
that a transition from high to low σ has occurred and that the pulsar wind consists
of cold e+e− pairs, frozen in with the magnetic field, carried outwards with a high
bulk Lorentz factor Γ ∼ 104−106. Therefore, the particles do not radiate synchrotron
emission (consistent with the dearth of emission between the pulsar and the termina-
tion shock in images of the Crab pulsar wind nebula) so little information is available
on the processes occurring in pulsar winds (see Arons 2009 and Kirk et al. 2009 for
reviews on all of the above).
Gamma-ray binaries offer new opportunities to understand pulsar winds, their
composition and their interaction, because the termination shocks are much closer to
the pulsar than in isolated PWNs because of the high stellar wind densities, because
orbital motion enables us to see the interaction from a regularly changing viewpoint,
and because inverse Compton scattering off the companion light can reveal the parti-
cles in the pulsar wind (§4.4).
4.1.2 Colliding wind geometry
The pulsar wind creates a dynamical (ram) pressure
ppw =
E˙
4piR2c
(8)
that pushes on the surrounding environment at a distance R from the pulsar. A steady
situation is reached if a stable pressure balance can be established. In the case of
binaries, the counteracting pressure can be the pressure from infalling material or
the pressure of the companion’s stellar wind or magnetic field (Illarionov & Sunyaev
1975; Harding & Gaisser 1990). Whichever one dominates depends on the parameters
of the pulsar and the stellar wind. Let us assume here that the pulsar wind is stopped
by the stellar wind, leaving to the next section (§4.1.3) the question of what happens
when material is accreting towards the neutron star.
The interaction is supersonic for both mediums, resulting in a double shock struc-
ture with a contact discontinuity separating the shocked material from each region
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70 S. V. Bogovalov et al.
Figure 8. The post-shock flow for η = 1. The color represents the bulk
Lorentz factor.
Figure 9. The post-shock flow for η = 0.05. The color represents the bulk
Lorentz factor.
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Figure 10. η dependence of the location of the shock waves at the symmetry
line. The solid line corresponds to the analytical approximation defined by
equation (25).
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Figure 11. η dependence of the asymptotic opening angle of the shocks and
discontinuities in the post-shock flow together with interpolations defined
by equations (26)–(28).
the system PSR B1259−63/SS2883 approximately corresponds to
the case when the pulsar interacts with the polar wind of the Be star.
In Fig. 9, we show also the results for η = 0.05 which corresponds
to the location of the pulsar in the equatorial wind of the Be star.
Even in this case, the post-shock flow can be accelerated in the
downstream region to very large Lorentz factors.
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Fig. 12 Asymptotic angle of
the different discontinuities
obtained from numerical sim-
ulations. The opening angle
of the contact discontinuity
(circles) corresponds to θbow
in Fig. 11. In these simula-
tions the pulsar wind is com-
pletely confined when η ∼<
0.02. Figure reprinted from
Bogovalov et al. (2008) by
permission of Oxford Univer-
sity Press, on behalf of the
RAS.
(Fig. 11). The location of this discontinuity on the binary axis (the stagnation point
or standoff distance) can be derived by matching the ram pressures. In the case of a
pulsar wind interacting with a coasting, supersonic, i otropic stellar wind
ppw =
E˙
4piR2sc
= pw = ρwv2w =
M˙
4pi(d−Rs)2vw (9)
where d is the orbital separation and Rs is the distance of the discontinuity from the
pulsar. The shock is stationary. The standoff distance is therefore
Rs
d
=
η1/2
1 +η1/2
(10)
with
η =
E˙/c
M˙wvw
≈ 0.05
(
E˙
1036 ergs−1
)(
10−7 M yr−1
M˙w
)(
1000kms−1
vw
)
(11)
This dimensionless parameter, representing the ratio of momentum flux, is a key pa-
rameter in colliding wind binaries (Lebedev & Myasnikov 1990).
The usual (relativistic)(magneto) hydrodynamical fluid equations with jump con-
ditions must be solved to get the detailed structure (§4.2). Semi-analytical estimates
of the location of the interaction region are obtained by assuming the shock is thin
and by balancing the ram pressure normal to the discontinuity (Stevens et al. 1992)
or the linear and angular momentum across the discontinuity (Canto et al. 1996). The
interaction region has a bow shape, starting at Rs and reaching a constant opening
angle θbow at infinity, which depends only on η. Bogovalov et al. (2008) found that
the formula first proposed by Eichler & Usov (1993)
θbow ≈ 28.6◦ (4−η2/5)η1/3 (12)
provides a good fit to the asymptotic angle of the contact discontinuity in their rel-
ativistic hydro simulations of a pulsar wind colliding with a stellar wind (Fig. 12).
Some consequences of the bow-shock geometry for gamma-ray binaries are:
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– If d−Rs ≤ R? the wind collides with the surface of the companion star. This is
what happens in black widow systems because the stellar wind of the low-mass
star is weak so η 1. If that were to happen in gamma-ray binaries, this would
prevent the formation of a line-driven stellar wind over the hemisphere impacted
by the pulsar wind. The available UV data does not show wind lines disappearing
at some orbital phases, implying η ∼< 0.6 for LS 5039 (Szostek & Dubus 2011).
Even without direct impact, the presence of a pulsar wind with a sizeable solid
angle as seen from the massive star can lead to detectable modulations in the
profile of stellar wind lines (Szostek et al. 2012).
– If η ∼< 1 the stellar wind dominates and the bow shock wraps around the pulsar,
collimating the shocked flow as suggested by the radio maps (Fig. 9). However,
in LS I +61◦303, the fast polar stellar wind is not strong enough to achieve this
(Romero et al. 2007). The value of η is ≈ 5 when taking M˙w ≈ 10−8 M yr−1
(appropriate for the Be star) and E˙ ≈ 1037 erg s−1 (assuming the correlation ob-
served in PWN between E˙ and FVHE/FX also holds here, Mattana et al. 2009).
Although the estimate is uncertain, a low value of η seems unlikely unless the
dense Be disc plays a role. Material in the disc is in keplerian rotation with a
density distribution ρdisc ∼ 10−11(R/R?)−3 g cm−3 (Waters et al. 1988). The pul-
sar wind pushes against nearly static material in the co-rotating frame, leading to
the formation of a transient, anisotropic, PWN bubble, which could be responsi-
ble for the radio outbursts of PSR B1259-63 and LS I +61◦303 (Dubus 2006b)
or the GeV flare of PSR B1259-63 (Khangulyan et al. 2012). For LS I +61◦303
at periastron (vorb ≈ 300 km s−1, R ≈ 4R?, ρdisc ≈ 10−13 g cm−3), equating the ram
pressures gives Rs ≈ 2× 1011E˙1/236 cm or an “equivalent” η ≈ 0.3 (see discussion
in Sierpowska-Bartosik & Torres 2009). This time-dependent interaction has only
begun to be addressed by numerical simulations using SPH codes (Okazaki et al.
2011; Takata et al. 2012, see also Kochanek 1993 for an early attempt).
– Gamma-ray binaries are likely to radiate the spindown energy efficiently if they
are to collimate the shocked pulsar wind. The reason is that collimation requires a
low η, hence the smallest value of E˙ possible. Since E˙ is bounded by the gamma-
ray luminosity, this is equivalent to saying that the radiative efficiency must be
as high as possible.This is supported by the high radiative efficiency observed in
PSR B1259-63, where the peak HE gamma-ray luminosity was nearly equal to
the spindown luminosity (§2.2.2).
4.1.3 Turning accretion on and off
Under what conditions can the pulsar wind hold off the pressure from accretion ? The
simplest approach is to assume Bondi-Hoyle accretion of the stellar wind (Illarionov
& Sunyaev 1975). Assuming a capture radius Rac ≈ 2GMns/v2w and a relative velocity
of the accreted material ≈ vw, the Bondi-Hoyle accretion rate is
M˙ac ≈ piR2acρacvw =
1
4
(Rac
d
)2
M˙w (13)
≈ 3×1014
(
M˙w
10−7 M yr−1
)(
1000kms−1
vw
)4 (0.1AU
d
)2
gs−1 (14)
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for a 1.4 M neutron star with an isotropic, coasting, radiatively-driven wind. Here,
ρac = ρw(Rac) ≈ M˙w/(4pid2vw) with d the orbital separation. The ram pressure from
accretion is
pac ≈ ρacv2ac ≈
M˙ac
4piR2
(
2GMns
R
)1/2
(15)
where taking the escape velocity for vac gives the correct order-of-magnitude. Equat-
ing pac with the pulsar wind pressure ppw (Eq. 8) gives the equilibrium radius.
Such an equilibrium is unstable. Consider a perturbation that increases pac at
the equilibrium radius while ppw stays constant. As the equilibrium radius is pushed
closer to the pulsar, the accretion pressure pac ∝ R−2.5 increases faster than the pulsar
wind pressure ppw ∝ R−2. The accretion flow pushes in unimpeded until the light
cylinder is reached and the fast rising dipole magnetic pressure ∝ R−6 enables a new
equilibrium. Inversely, a decrease in pac will lead to the pulsar wind blowing away the
accretion flow until the pressure from the ISM or the stellar wind holds it off beyond
the capture radius.
In a gamma-ray binary, the system is thought to have a high E˙ pulsar in equilib-
rium with the stellar wind at Rs > Rac. As E˙ decreases with spindown, the stagnation
point Rs draws closer to the pulsar until it reaches Rac. Given the above, the equi-
librium becomes unstable and a small inflow of matter will be enough to swamp the
pulsar wind down to RL and turn it off. The pulsar wind holds off accretion as long
as ppw > pw at Rac (pw is also > pac at Rac). The minimum E˙ above which the pulsar
can prevent accretion is thus
E˙ > 4M˙acvwc ≈ 1035
(
M˙ac
1016 gs−1
)( vw
1000kms−1
)
ergs−1 (16)
≈ 4×1033
(
M˙w
10−7 M yr−1
)(
1000kms−1
vw
)3 (0.1AU
d
)2
ergs−1 (17)
The condition is satisfied by gamma-ray binaries since the luminosities imply at least
E˙ ∼> Lγ ≈ 1035 erg s−1 and the Bondi accretion rates are < 1015 g s−1 (Eq. 14). It is also
satisfied by the radio pulsars with stellar companions listed in Tab. 3. Alternatively,
for a given E˙, Eq. 17 gives the minimum M˙ac above which accretion starts.
Assume now that the pulsar wind is turned off because accretion occurs within
the light cylinder (Illarionov & Sunyaev 1975). The accretion flow is truncated at the
Alfve´n radius where the neutron star magnetic dipole pressure is comparable to the
accretion pressure (Pringle & Rees 1972; Davidson & Ostriker 1973). If the accretion
rate is dropping, the Alfve´n radius moves outward and the pulsar wind can turn on
again when ppw > pac at RL. The critical M˙ac below which the pulsar turns back on,
for fixed pulsar parameters, is:
M˙ac <
E˙
c
(
cP
4piGMns
)1/2
≈ 4×1016
(
E˙
1036 ergs−1
)( P
0.1s
)1/2
gs−1 (18)
≈ 1.4×1016
( Bns
1012 G
)2 (0.1s
P
)7/2
gs−1 (19)
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High accretion rates must be sustained throughout the orbit in order to prevent the
pulsar wind from re-establishing itself. This condition also means that recycled pul-
sars in LMXBs (Bns ≈ 109 G, P ≈ a few ms) can turn back on when the mass transfer
rate from the companion becomes very low (Burderi et al. 2001).
Accretion of material from the Be disc can lead to much higher mass inflow rates
because of the high densities and low speeds. Bondi-Hoyle capture provides only
very rough guidance to estimate M˙ac. In the case of LS I +61◦303 at periastron,
vorb ≈ 300 km s−1, R ≈ 4R? so ρw ≈ 10−13 g cm−3, M˙ac ≈ 1018 g s−1, and the mini-
mum spindown power to hold off accretion becomes quite high E˙ ∼> 6×1036 erg s−1.
Hence, Torres et al. (2012) proposed that the pulsar in LS I +61◦303 is not turned on
throughout the orbit, with a hysteresis since the turn on and turn off occur for different
accretion rates.
The pulsar parameters of LS I +61◦303 can be constrained if there is no accre-
tion. Combining the minimum E˙ found above with the magnetic field Bns ∼> 1013 G
suggested by low-level magnetar activity in LS I +61◦303 gives
P ∼< 0.3
( B
1013 G
)1/2 ( E˙
1036 ergs−1
)−1/4
s (20)
The pulsar would be placed between magnetars and radio-loud pulsars in the (P, P˙)
diagram (Dubus 2010). There are pulsars with such parameters: PSR J1846-0258 (as-
sociated with SNR Kes 75, also showing magnetar bursts, B≈ 4.9×1013 G, P≈ 0.33 s,
E˙ ≈ 8 × 1036 erg s−1) and PSR J1119-6127 (SNR G292.2-00.5, B ≈ 4.1 × 1013 G,
P ≈ 0.41 s, E˙ ≈ 2 × 1036 erg s−1). These are amongst the youngest pulsars in our
Galaxy, with a spindown timescale τ ≈ 103 yr and an associated supernova remnant.
LS I +61◦303 could be a similarly young system.
4.1.4 The transition to high-mass X-ray binaries: propellers
Once accretion starts, the flow penetrates inside the light cylinder and is stopped by
magnetic dipole pressure at the Alfve´n radius. However, an X-ray pulsar does not
turn on straightaway because when accretion starts the Alfve´n radius is just inside
the light cylinder, so that the neutron star magnetic field necessarily has a higher
specific angular momentum R2Ω than the incoming material. The interaction propels
matter out of the system, torquing down the star, with little accretion onto the poles
(e.g. Stella et al. 1986). Pole accretion proceeds once the neutron star has spun down
enough that the Alfve´n radius becomes smaller than the corotation radius, completing
the transition from gamma-ray binary to HMXB.
Bednarek (2009) and Torres et al. (2012) proposed that LS I +61◦303 becomes
a propeller over part of its orbit, when the pulsar wind cannot hold off accretion.
The consequences of a propeller on gamma-ray emission are uncertain. There is at
present only one well-established propeller system from which to derive insights: the
intermediate polar AE Aqr, composed of a 33 s rapidly-spinning white dwarf orbiting
a low-mass star filling its Roche lobe. The strong spindown is compatible with the
propeller torque. The system shows non-thermal emission in the form of strong radio
flares, which is unique amongst cataclysmic variables, attributed to material being
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ejected from the system (Bastian et al. 1988). The binary is on the notorious list of
past claimed VHE emitters which have not been confirmed by present IACTs (Lang
et al. 1998, Sidro et al. 2008).
4.2 Modeling the pulsar wind – stellar wind interaction
4.2.1 Conditions at the pulsar wind shock
Following the standard picture of pulsar wind nebulae (Rees & Gunn 1974; Kennel
& Coroniti 1984a,b), the pulsar wind arrives at the shock with a bulk radial ultra-
relativistic motion (Γ ∼ 106) and a low magnetisation (σ ∼ 10−3). The properties of
the shocked region can be studied by using the equations of relativistic magnetohy-
drodynamics, assuming the fluid description is adequate to describe the large-scale
behaviour of the collisionless plasma. If the upstream velocity normal to the shock
is ultra-relativistic then the downstream post-shock velocity converges to c/3 (when
the fluid is a perfect gas composed of relativistic particles i.e. with a polytropic index
γˆ = 4/3), the lab frame magnetic field and density are amplified by a factor 3, while
the energy per particle downstream tends to p/ρ = Γc2/
√
18. The bulk kinetic energy
is transferred to the random motion of the e+e− pairs, which then radiate downstream
of the termination shock. If the magnetic field is perpendicular to the shock normal
(reasonable for a pulsar wind since the field is expected to be toroidal), its post-shock
amplitude for a low-σ wind is given by (Kennel & Coroniti 1984a)
B = 3(1−4σ)
(
E˙/c
R2s
σ
1 +σ
)1/2
≈ 1.7
(
E˙
1037 ergs−1
)1/2 (
σ
10−3
)1/2 (1012 cm
Rs
)
G (21)
The typical magnetic field expected at the termination shock of gamma-ray binaries
is of order 1 G, much larger than the magnetic field at the shock in isolated pulsars
where Rs ≈ 1017 cm.
The fluid description erases all information of the particle momentum distribu-
tion. The usual assumption is that the wind particles will be accelerated to a power-
law distribution in energy, an assumption that is required by observations but remains
challenging to prove theoretically (Lemoine & Pelletier 2011). Numerical simula-
tions find this occurs in unmagnetised pair plasmas (Spitkovsky 2008) or for nearly
parallel magnetised shocks (Sironi & Spitkovsky 2009). Assuming a downstream
power-law distribution in energy with a given slope between Emin and Emax  Emin,
the normalisation and Emin of the electron distribution can be derived by matching
the shocked wind density and pressure, with Emin typically ≈ 0.1Γmec2.
The maximum energy of the accelerated pairs is limited by radiation. The timescale
for diffusive shock acceleration τacc at a relativistic shock is no less than the timescale
for gyration in the magnetic field
τacc ∼> ξ
RL
c
= ξ
E
eBc
≈ 0.1ξ
( E
1TeV
)(1G
B
)
s (22)
where ξ > 1. The Larmor radius becomes comparable to the characteristic size of
the shock (say Rs ≈ 1012 cm) for 300 TeV electrons. Such particle energies are not
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reached. The timescale for synchrotron radiative losses decreases with E as (Blumen-
thal & Gould 1970)
τsync =
3
4
m2ec
3
σT
8pi
B2
1
E
≈ 400
(
1TeV
E
)(
1G
B
)2
s (23)
where σT is the Thompson cross-section. Since τacc must be smaller than τsync, the
maximum electron energy is
Emax ≈ 60 ξ−1/2
(
1G
B
)1/2
TeV (24)
This is enough to emit TeV radiation by upscattering seed photons. Inversely, the
detection of VHE photons means that the magnetic field cannot be too high.
Taking the B estimated above (Eq. 21), the detection of photons with energies up
to 10 TeV implies efficient particle acceleration is ongoing (ξ ∼ 1), close to the the-
oretical limits for diffusive shock acceleration (Khangulyan et al. 2008). Detecting
> 10 TeV photons would point to a different acceleration mechanism. One possibility
is acceleration at reconnection sites, already invoked to explain the gamma-ray flares
from the Crab PWN (Uzdensky et al. 2011). The termination shock provides such
reconnection sites if the pulsar wind remains striped: compression of the magnetic
field at the shock can then trigger reconnection (Lyubarsky 2003). The pulsar wind is
more likely to stay striped in gamma-ray binaries than in isolated pulsars because the
termination shock is closer to the pulsar, leaving less time for reconnection to dissi-
pate the structure before the shock. The dissipation time is at most the light crossing
time of the stripe wavelength, to be compared with the time to reach the shock in
the wind frame. Combining the two gives an upper limit on the Lorentz factor of the
wind Γ ∼< (Rs/RL)1/2 (see Arons 2009) i.e. Γ ∼< 100 in gamma-ray binaries. Since pul-
sar winds are thought to have much higher values of Γ, the stripes remain until the
shock is reached. Simulations of shock-driven reconnection by Sironi & Spitkovsky
(2011) find that particles initially accelerated by reconnection in the equatorial plane
are further accelerated by a “Fermi-like” process, yielding a power-law spectrum,
with the magnetic energy efficiently transferred to the particles. They also find that
obtaining power-laws requires 4piκ(RL/Rs) ∼> 10, with κ the pair multiplicity (with κ
typically ≈ 104 to 106). This should be substantially easier to achieve for gamma-ray
binaries where (RL/Rs) ∼ 10−4 than in PWN where the termination shock is a factor
104 further away. Hence, there is some theoretical support for assuming a power-law
in a low-σ plasma (at least in the equatorial plane: at high latitudes a substantial
post-shock magnetic field remains and the distribution of particles is Maxwellian).
4.2.2 Simulating the interaction on large scales
The shock region has a comet shape directed away from the stronger wind, when
both winds are radial and when neglecting orbital motion (§4.1.2). The shocked pul-
sar wind radiates synchrotron and inverse Compton emission (see §4.3). Particles
cool as they are advected in the comet-shaped flow, emitting at progressively longer
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Fig. 13 Left: Evolution of the emission in a pulsar wind nebula model of LS 5039. The shocked flow
is divided into sections at various distances z with the corresponding synchrotron (black) and inverse
Compton (orange) spectra shown. The first section shown is for z = Rs, the fifth spectrum is at z ≈ 1.5Rs,
the tenth at z ≈ 15Rs, the last spectrum shown is at z ≈ 1000Rs. The total spectrum is the thick black line.
Right: Corresponding evolution of the particle distribution (in units of the particle Lorentz factor γ). The
initial E−2 power law cools rapidly at high energies as a result of synchrotron emission. Adiabatic losses
dominate at large distances. Figure and caption reproduced with permission from Dubus (2006b) c©ESO.
wavelength (see example in Fig. 13). Radio emission becomes visible far from the
binary once it emerges from the fog due to free-free absorption by the stellar wind.
The comet tail turns with the movement of the pulsar along its orbit, creating a spi-
ral pattern with a step size vPorb ≈ 700(v/c) AU (for LS 5039). The speed v at which
the pattern propagates outward is either the shocked pulsar wind speed, with asymp-
totic velocity v = σc (Kennel & Coroniti 1984b), or the stellar wind speed depending
on which is dominant (Lamberts et al. 2012). Kinematic models of the VLBI radio
structures give v/c ∼ 0.01, consistent with stellar wind speeds of a few 1000 km s−1
and/or σ ∼ 0.01 (Dubus 2006b; Moldo´n et al. 2011a, 2012a). The radio properties of
gamma-ray binaries (extended source, non-thermal emission at progressively longer
wavelengths away from the compact object, repeatable orbital phase-dependent mor-
phology, §2.2.5) are thus consistent with a comet-like PWN.
Detailed modeling of the radio maps faces important difficulties. First, the in-
put of particles may be inhomogeneous depending on location along the termination
shock (§4.2.1), if only because the shock is much closer to the pulsar headwind than
downwind. Zabalza et al. (2013) actually attributed the GeV and TeV emission to
two different populations accelerated at different shock locations. Second, particles
must followed down to low energies to model radio emission, which requires ac-
curate knowledge of adiabatic cooling, magnetic field density, and speed along the
flow. Dubus (2006b) assumed a conical geometry with the evolution following Ken-
nel & Coroniti (1984b) (Fig. 13). Instabilities can mix the particles with denser wind
material at the contact discontinuity (Chernyakova & Illarionov 1999), enhancing
Coulomb energy losses (Zdziarski et al. 2010b) or to destruction of the spiral struc-
ture (Bosch-Ramon & Barkov 2011; Lamberts et al. 2012; Bednarek & Sitarek 2013).
Finally, the structure of the flow is a complex double-armed structure with a non-zero
transverse extension instead of a unidimensional Archimedean spiral. The impact of
orbital motion on the relativistic flow needs to be taken into account since radio maps
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show the emission is within or close to the radius where it begins to curve (Dubus
2006b; Moldo´n et al. 2012a).
Numerical simulations can take inspiration both from models of colliding wind
binaries (e.g. Pittard et al. 2005), for the aspects related to stellar wind physics and
orbital motion, and from models of pulsar winds interacting with their supernova rem-
nant or the ISM (e.g. Gaensler & Slane 2006), for the aspects related to pulsar wind
physics. Simulations of gamma-ray binaries have been performed by three groups:
– Bogovalov et al. (2008, 2012) solved the axisymmetric relativistic (M)HD equa-
tions in the shocked region, finding the location of the discontinuities by itera-
tively solving a Riemann problem at the boundaries (Fig. 12). They find that the
shocked flow can reach extremely high Lorentz factors, up to several 100s, be-
cause the collimating wind acts as a nozzle. They also found that the pulsar wind
magnetisation or anisotropy have little impact on the overall structure, at least in
the region explored close to the head. Depending on η, the pulsar wind is com-
pletely confined or its downwind part escapes freely to infinity. Similar behaviour
is found in simulations of colliding wind binaries (Lamberts et al. 2011). Com-
plete confinement maximizes the conversion of kinetic energy to thermal energy,
which helps to get high radiative efficiencies (§4.1.2).
– Romero et al. (2007); Okazaki et al. (2011); Takata et al. (2012) used 3D non-
relativistic smooth particle hydrodynamics (SPH) to simulate the interaction of
PSR B1259-63 with the circumstellar disc of its companion. They found that
a dense disc is needed to avoid strong disruption by the pulsar wind. This is
consistent with optical observations that show little change in the Balmer lines
during periastron passage. The high densities also imply nearly full confinement
of the pulsar wind when it is nearest to the disc (Be disc “crossings”).
– Bosch-Ramon et al. (2012) presented 2D (cylindrical) simulations including or-
bital motion using the relativistic hydro version of PLUTO, a grid-based code
(Mignone et al. 2012). Their simulations show Kelvin-Helmholtz mixing at the
contact discontinuity (Fig. 14). They argue that the relativistic nature of the flow
is an important factor in shaping the interaction region on large scales.
Numerical simulations are a promising tool to address the relationship between emis-
sion and dynamics of the interaction region in gamma-ray binaries. Yet, covering the
large range in radii from the interaction region to the radio emission region together
with the timescale difference between the relativistic flow and the orbital motion is a
very challenging computational problem.
4.2.3 The shocked stellar wind
The stellar wind is also shocked by the interaction with the pulsar wind. The post-
shock temperature is high enough that X-ray emission is expected with (Eichler &
Usov 1993)
kTs =
3
16
µmHv2w ≈ 1.2
(
vw
1000kms−1
)2
keV (25)
for gas with γˆ = 5/3 and µ = 0.62 (ionized solar composition). In principle, the maxi-
mum that the shocked wind can radiate in X-rays is the available kinetic power from
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Fig. 14 Relativistic hydrodynamical simulation on the
scale of the orbit of a pulsar wind with Γ = 2 interacting
with a stellar wind (η = 0.3). The color codes the density
while the arrows show the velocity field (reproduced with
permission from Bosch-Ramon et al. 2012 c©ESO)
the wind
LX ≤ 12 fwM˙wv
2
w = 3×1034 fw
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ergs−1 (26)
The fraction of the wind that is shocked is fw = 0.5(1− cosθbow) (Tuthill et al. 2008;
Zabalza et al. 2011a), about 7% for LS 5039 (θbow ≈ 30◦) so LX ≤ 2×1033 erg s−1 to
compare to the observed LX ≈ 1034 erg s−1 (Tab. 2) The ratio χ of the radiative cooling
timescale to the escape timescale (τesc ∼ Rs/vw) gives an estimate of the radiative
efficiency of the shocked wind (Stevens et al. 1992). The maximum luminosity is
reached if χ 1. A flow with χ 1 evolves adiabatically.
The shocked stellar wind in gamma-ray binaries radiates less than this upper limit
because none of the X-ray spectra show evidence for bremsstrahlung emission. Za-
balza et al. (2011a) used this to derive a limit on the pulsar spindown power for
LS 5039, since E˙ is tied to the conditions in the shocked stellar wind via η. Using
a detailed radiative cooling function, they find LX ∝ E˙1.4 and E˙ ∼< 6× 1036 erg s−1.
Particle acceleration is another way to dissipate energy at the shock besides radiative
cooling. Thus, Bednarek (2011) attributed the HE and VHE gamma-ray emission to
particles accelerated at the stellar wind and pulsar wind termination shock, respec-
tively. However, particle acceleration at stellar wind shocks does not seem to generate
much gamma-ray emission in colliding wind binaries, with only η Car detected so far
(see §5.3). Pulsar wind shocks are more efficient than stellar wind shocks at convert-
ing energy into gamma rays.
4.3 High-energy radiation and its orbital modulation
The mechanisms responsible for high-energy radiation are generic to both micro-
quasar and pulsar wind scenarios (see e.g. Bosch-Ramon & Khangulyan 2009). Most
models invoke synchrotron and inverse Compton from electrons or electron-positron
pairs, and differ in their assumptions on the location of the particles, the flow in
which they are embedded, or on the dominant radiation field. Even then, it is difficult
to identify singular predictions that could provide a signature of each scenario.
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Hadronic processes have not been favoured for several reasons (but see Kawachi
et al. 2004; Bednarek 2005; Romero et al. 2005; Aharonian et al. 2006; Chernyakova
et al. 2006b for models considering hadronic emission in gamma-ray binaries). First,
the emission timescales are long so particles do not radiate much before leaving the
system, which is a significant strain when observations suggest that a large fraction
of the available power is converted to radiation. Second, while nuclei may be present
in the pulsar wind, the dominant component is likely to be pairs. Third, the proton
energies required, > 100 TeV for pp and > 10 PeV for pγ (on stellar photons), imply
Larmor radii comparable to or much greater than the shock size Rs. Fourth, the origin
of the gamma-ray orbital modulations is not straightforward to explain using hadronic
interactions.
This section presents the basic tools that have been used to model the gamma-ray
emission in the context of binaries, especially the origin of the modulations present at
nearly all wavelengths (§2.2). Modulations can be caused by changes in the physical
conditions along the orbit or by the changing line-of-sight of the observer to the
source of emission, i.e. because the geometry changes without any need for intrinsic
variability. Models are needed to distinguish between both possibilities and provide
information on the size and location of the emitter. The discussion focuses on LS 5039
because of its well-established and regular behaviour at all wavelengths.
4.3.1 Formation of the gamma-ray spectrum
The dominant seed photon field for inverse Compton losses is usually assumed to be
light from the very luminous massive star7. The stellar radiation energy density at a
distance d = 0.1 AU from the star (the orbital separation of LS 5039)
u? =
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≈ 103
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40000K
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10R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ergcm−3 uB = B
2
8pi
≈ 0.04 ergcm−3
(27)
is much greater than the typical magnetic energy density at the shock (Eq. 21).
Combining Compton losses on stellar light with synchrotron losses leads to char-
acteristic breaks at about 0.1−1 MeV in the synchrotron component and at about
0.1−1 TeV in the inverse Compton component of the SED (Dubus 2006b). These
breaks are associated to the electron energy at which cooling transits from inverse
Compton to synchrotron losses (Moderski et al. 2005). Inverse Compton cooling in
the Thomson regime dominates over synchrotron because τthomson = τsync(uB/u?) and
u? uB. The cooling timescale decreases with increasing electron energy. However,
since the seed stellar photons have a typical energy hν? ≈ 2.7kT? ≈ 9 eV, electrons
with energies larger than (mec2)2(hν?)−1 ≈ 25 GeV upscatter photons in the Klein-
Nishina regime. The inverse Compton timescale becomes (Blumenthal & Gould 1970)
τKN ≈ 40
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]−1 (40000K
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)2 (10R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)2
s. (28)
7 In microquasars, the accretion disc and its corona can also contribute significantly to the ambient
photon field (Bosch-Ramon et al. 2006; Dermer & Bo¨ttcher 2006).
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The inverse Compton timescale increases with electron energy above the transition
to the Klein-Nishina regime at 25 GeV. Synchrotron emission (Eq. 23) takes over as
the dominant radiative process for electrons with energies greater than
Ebrk ∼> 3
(
1G
B
)(
0.1AU
d
)
TeV. (29)
The steady injection of a power-law distribution of electrons in a zone where they
cool by radiating synchrotron emission steepens the power-law index p to p + 1. The
distribution is only slightly hardened if cooling is dominated by inverse Compton
scattering in the Klein-Nishina regime. Therefore, the steady-state electron distribu-
tion has an index close to p up to Ebrk, breaking to p + 1 above Ebrk (Eq. 29). The
inverse Compton spectrum reflects this directly as a spectral break from a photon
index ΓVHE ≈ p to ΓVHE ≈ p + 1 at hν ≈ Ebrk (see Moderski et al. 2005, and their er-
ratum). The synchrotron spectrum emitted by the same electrons has a corresponding
softening of the spectral index by ≈ 0.5 beyond the break frequency
hνsync, break ≈ 750
(
1G
B
)(
0.1AU
d
)2
keV (30)
The spectral breaks are easily identified in Fig. 13, even though this is a multi-zone
model (the initial B was ≈ 5 G).
The location of spectral breaks can be used to estimate the average magnetic
field in the VHE gamma-ray emission zone by applying Eq. 29-30 (Dubus et al.
2008). The location of the break frequencies can change with orbital phase. For in-
stance, the magnetic field intensity changes with the termination shock distance as
B ∝ 1/Rs ∝ 1/d for constant magnetisation σ. The magnetisation can also change
with distance to the pulsar. A varying break frequency will modulate the VHE flux.
The usual assumption is that the X-ray emission is related to synchrotron emission
while the gamma rays are produced by inverse Compton emission. Models have
also been proposed where the X-ray emission is due to inverse Compton emission
(Chernyakova et al. 2009; Zdziarski et al. 2010b).
Adiabatic losses can modify this picture, especially for long orbital period sys-
tems like PSR B1259-63 where the stellar radiation field and the magnetic field at
the termination shock will be lower. The expansion timescale of the shocked flow
is difficult to estimate accurately without a dynamical model (e.g. using numerical
simulations, §4.2.2). Radiative models have taken to parametrizing adiabatic losses,
comparing spectra and lightcurves to observations in order to gain insight: see Tavani
& Arons (1997); Kirk et al. (1999); Khangulyan et al. (2007); Uchiyama et al. (2009)
for discussions related to PSR B1259-63, Takahashi et al. (2009) for LS 5039, and
Chernyakova et al. (2006b); Zabalza et al. (2011b) for LS I +61◦303.
4.3.2 VHE absorption by pair production
VHE gamma rays are energetic enough to produce a e+e− pair by interacting with
UV photons from the star. The process is akin to an absorption modulating the ob-
served VHE gamma-ray flux (Ford 1984; Protheroe & Stanev 1993; Moskalenko
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Fig. 15 Absorption of
300 GeV gamma rays due
to pair production with
photons from the star.
Greyscale codes the frac-
tion of the flux emitted at
each location that reaches
an observer situated at
infinity to the right. Lines
from left to right corre-
spond to 99%, 90%, 50%,
10%, and 1% absorption.
Red dashed line is the orbit
of LS 5039. Reproduced
with permission from
Dubus (2006a) c©ESO.
1995; Bednarek 1997; Kirk et al. 1999; Bo¨ttcher & Dermer 2005; Dubus 2006a). The
threshold for two photons to produce a pair, γ+γ→ e+ + e−, is
?γ ∼>
2m2ec
4
1−µ (31)
The threshold and cross-section change depending on the incident angle ψ between
photons (µ ≡ cosψ, with ψ = pi for head-on collisions). For LS 5039, the typical en-
ergy of the stellar photon is ? ≈ 2.7kT? ≈ 9 eV, so the threshold for pair production,
realised for head-on interactions, is γ ∼> 30 GeV. The cross-section peaks near the
threshold energy with a peak value σγγ ≈ σT /4. An estimate of the opacity is
τγγ =
∫
l.o.s.
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where the parameters used are appropriate for LS 5039. The opacity is so large that
VHE emission within the system is strongly absorbed. However, the angle ψ changes
as the VHE source revolves around the star, leading to an observer-dependent, orbital
phase-dependent absorption of the VHE emission (Fig. 15). The absorption is mini-
mum when the VHE photons are emitted away from the star: the interaction is tail-on
and the threshold becomes very high (Eq. 31). Hence, if the VHE source is close
to the compact object, maximum VHE emission is observed at inferior conjunction,
when the observer sees the compact object pass in front of the star.
The VHE emission from LS 5039 is indeed modulated (§2.2.1), with peaks and
troughs close to conjunctions as expected. However, pair production is insufficient on
its own to explain the observations (H.E.S.S. collaboration et al. 2006b):
1. Although τγγ ≈ 40 at φsup = 0.08, observations with HESS still detect the source
at the 11σ level in between φ = 0–0.1, and at the 3.1σ level for φ = 0.1–0.2 ;
2. the VHE spectrum changes from hard at φinf to soft at φsup, pivoting around 100
GeV instead of pivoting around the threshold energy of 30 GeV ;
3. the exponential cutoff in the HE domain, at a few GeV, is inconsistent with the
cutoff expected from pair production at 30 GeV.
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Fig. 16 Left: spatial distribution of the VHE emission from the first generation of pairs in LS 5039, as
observed when the system is at superior conjunction. Right: average spectrum of the 1st generation of
pairs depending on the magnetic field intensity. Reproduced with permission from Cerutti et al. (2010)
c©ESO.
Anisotropic inverse Compton scattering and cascade emission help with the first two
items (see below). Alternatively, VHE emission arises away from the compact object,
for instance in the backward-facing termination shock of the pulsar, so that VHE
photons encounter fewer stellar photons along their path (Bosch-Ramon et al. 2008b,
2012). The last item is taken as evidence that two different particle populations emit
in the HE and VHE domain.
Absorption by pair production may also play a role in LS I +61◦303, since τ ≈ 1
at periastron using Eq. 32 (Bednarek 2006; Sierpowska-Bartosik & Torres 2009).
However, the phasing of the VHE extrema is inconsistent with γγ absorption if the
VHE source is close to the compact object. Absorption is expected to be small in
binaries with wider orbits, unless the system inclination is close to edge-on and/or
the orbit highly eccentric.
4.3.3 Cascades
The e+e− pair created when a VHE photon interacts with a UV photon typically has
one of the particles carrying away most of the energy along the initial path of the
VHE photon. This particle can also upscatter stellar photons to very high energies,
even if slightly lower than that of the initial VHE photon. The new VHE photon pair
produces in turn, triggering a cascade that stops when the upscattered photon energy
is below the pair production threshold. Cascade emission reduces the effective opacity
by redistributing the absorbed flux (Sierpowska & Bednarek 2005; Aharonian et al.
2006).
Computing cascade emission is complex because the emission and absorption
processes are anisotropic and depend on location, because the pairs diffuse according
to the local magnetic field properties, because there is a competition with synchrotron
emission (Bednarek 1997; Bosch-Ramon et al. 2008a; Cerutti et al. 2010). Pair emis-
sion can be considered as local to the place of their creation if their Larmor radius is
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Fig. 17 Dependence of the viewing angle on the
inverse Compton spectrum (y-axis is νFν in ar-
bitrary units). The source of photons is a black-
body kT?=1 eV. The electrons are distributed ac-
cording to a power-law of index p = 2 between
105 < γe < 107. The spectrum is shown at view-
ing angles ψ =15◦ (bottom), 30◦, 60◦, 90◦, 120◦
and 180◦ (top). Solid lines take into account the
finite size of the star for electrons at d = 2R?;
dashed lines assume a point source. Reproduced
with permission from Dubus et al. (2008) c©ESO.
very small compared with the system size,
RL d ⇒ B 2×10−3
( E
1TeV
)(0.1AU
d
)
G (33)
In this case, the pairs radiate locally the secondary gamma-ray emission (Fig. 16).
If the magnetic field is lower, the spatial diffusion of the pairs cannot be neglected,
making the problem rather intricate. In the extreme limit of no magnetic field the
cascade propagates linearly, simplifying the problem, but the lightcurves and spectra
do not match the observations (Cerutti et al. 2009b). A very low magnetic field is
unlikely: confining electrons within Rs ≈ 1011 cm to accelerate them up to 10 TeV
already requires B ∼> 0.1 G near the shock (Eq. 33). When the magnetic field is higher
than ∼> 5 G, synchrotron starts to dominate the radiative losses of the pairs, as can
be verified by equating Eq. 23 with Eq. 28 for a 1 TeV electron. When B ∼> 100 G,
the electrons with energy just above the pair product threshold (30 GeV) lose energy
to synchrotron, stopping the cascade at the first generation of pairs. In all cases, the
synchrotron emission from the cascade pairs cannot exceed X-ray measurements,
providing an upper limit on the magnetic field intensity (Fig. 16).
4.3.4 Anisotropic inverse Compton scattering
Because of the dependency of the Compton cross-section on angle between incom-
ing and outgoing photons, an anisotropic distribution of seed photons will lead to
anisotropic emission from an isotropic distribution of electrons. For instance, the to-
tal power radiated by an electron of Lorentz factor γ upscattering photons (in the
Thomson regime) from a point source of radiation energy density U? is
P? = σT cU?(1−βµ)
[
(1−βµ)γ2−1
]
(34)
where µ = cosψ is the angle between the incoming photon and the electron direction
of motion. Therefore, the emission from electrons upscattering stellar photons will
be maximum directly towards the star, corresponding to head-on collisions (µ = −1),
and minimum directly away from the star, when collisions are tail-on (µ = 1).
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Anisotropic inverse Compton scattering naturally leads to an orbital modulation
of the gamma-ray lightcurve, making it particularly relevant to model gamma-ray
emission from binaries (Jackson 1972, Kirk et al. 1999). In practice µ is the angle
between the star, the location of the electrons and the observer, the same angle that
appears in Eq. 31. The reason is that emission from a high-energy electron is tightly
focused along its direction of motion by relativistic aberrations. Hence, the observer
sees emission only from those particles whose motion is along the line-of-sight. The
anisotropy also changes the emitted spectrum when scattering occurs in the Klein-
Nishina regime since the transition to this regime depends on angle: the condition is
γ(1−βµ)? mec2, where ? is the energy of the incoming photon. The spectrum is
typically harder away from the star because the interactions occur in the Thompson
regime (µ = 1) instead of being softened by the Klein-Nishina drop in scattering rate
with energy (see Fig. 17 and Dubus et al. 2008 for details).
Taking into account that U? changes with phase, because the orbits are eccentric,
the range of possible system inclinations, pair production, and anisotropic inverse
Compton scattering leads to lightcurves that, despite their complexity, depend only
on the geometrical configuration seen by the observer (Fig. 18). In principle, one can
use observed gamma-ray modulations to derive a best-fitting orbit. For instance, the
low amplitude GeV modulation of 1FGL J1018.6-5856 favours a low inclination and
a low eccentricity (Fermi/LAT collaboration et al. 2012b).
Knowing the system parameters, the HE and VHE lightcurves can be computed
and compared to observations to test whether only geometrical effects are involved.
This approach successfully predicted the anti-correlation of the HE and VHE mod-
ulations in LS 5039: the inverse Compton lightcurve is the same in both bands but
only the VHE band is affected by pair production. The absorption peaks at the same
phases as the inverse Compton emission and is sufficiently strong to suppress the
VHE peak and move it to inferior conjunction, where absorption is minimum. This
is quite robust against the details of the model (Bednarek 2007; Sierpowska-Bartosik
& Torres 2007; Dubus et al. 2008; Khangulyan et al. 2008, Neronov & Chernyakova
2008, Takata & Taam 2009; Yamaguchi & Takahara 2010).
However, anisotropic inverse Compton emission fails to account for the phasing
of the modulation peaks in PSR B1259-63 and LS I +61◦303 (see §4.4.2 for details).
Understanding why is one of the challenges that models face.
4.3.5 Relativistic Doppler boosting
Relativistic Doppler boosting can also impact the observed lightcurves. Radiating
electrons advected in the shocked pulsar wind or in a relativistic jet have their syn-
chrotron emission, isotropic in the comoving frame, boosted or deboosted in the ob-
server frame according to the orientation of the flow. In the case of a shocked pulsar
wind, if the flow is a comet tail pointing away from the star then the synchrotron flux
will be higher at φinf than at φsup. The impact on the modulation lightcurve is impor-
tant even with the mildly relativistic velocities β ≈ 1/3 expected close to the shock.
The inverse Compton emission is also boosted but the effects are subtler. Electrons
at rest in the comoving frame now see a deboosted flux of seed photons because
they are flowing away from the star. The anisotropic upscattered flux must then be
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Fig. 18 Orbital modulation of the anisotropic inverse Compton emission (light blue curve) for the same
system seen face-on (top, i = 0◦) and edge-on (bottom, i = 90◦). The dark blue curve shows the fraction
of the gamma-ray lightcurve that remains after absorption due to pair production with stellar photons. The
emitting particles are assumed to be at the location of the compact object.
re-transformed to the observer frame. Doppler boosting has been proposed to ac-
count for the X-ray modulation of LS 5039 (Dubus et al. 2010a) and the GeV flare
in PSR B1259-63 (Kong et al. 2012). In the case of a microquasar, the orientation of
the jet is constant on the orbital period so Doppler boosting changes the emission at
all phases equally (Georganopoulos et al. 2002). However, the level of emission can
change significantly as the jet orientation precesses on longer timescales (Kaufman
Bernado´ et al. 2002).
4.4 Challenges to models
The presence of pulsar winds is plausible in gamma-ray binaries (§4.1). The in-
teraction with the stellar wind provides good conditions for high-energy radiation
(§4.2). The radiative processes involved naturally produce orbital modulations of the
lightcurve (§4.3). All of this provides a useful framework to make sense of the obser-
vations. Yet, a “standard model” of gamma-ray binaries has yet to emerge.
There is a consensus on some of the basic ingredients: synchrotron and inverse
Compton emission of electrons are the main radiative processes, the anisotropy of in-
verse Compton emission and pair production plays a role in shaping the gamma-ray
lightcurves that we observe, particles are accelerated very efficiently, and two popu-
lations are involved to account for the differing HE and VHE spectral components.
However, the recipes vary: principally according to where the emitting particles
are assumed to be (in the pulsar wind, in the shocked pulsar wind, in a relativistic
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jet, close or far from the compact object, Fig. 10), on how this location changes or
not with orbital phase, on the strength of the magnetic field or of adiabatic cooling,
on whether processes like cascade emission or Doppler boosting are incorporated.
All of these choices impact the spectrum and variability of the emission; success is
judged on the comparison with the observations deemed most relevant to the object or
study at hand. The complexity is such that no model has succeeded yet in accurately
reproducing all of the observed spectral and variability features in any single object.
Could such a model be constructed ? One of the factors limiting consensus is the
simplified description of the emission region, too often assumed to be point-like (even
if not necessarily at the location of the compact object). However, X-ray emission in
LS 5039 is thought to be extended compared to the binary size and/or away from the
compact object based on the lack of modulation X-ray absorption and the absence of
eclipses (Bosch-Ramon et al. 2007; Szostek & Dubus 2011). Similar arguments have
been used for the VHE emission (see §4.3.2). Figure 11 shows clearly that the termi-
nation shock has a significant size compared to the binary size. High-energy particles
will be present throughout this region, accelerated differently depending on their lo-
cation along the termination shock, evolving differently depending on streamline.
Convergence between models may be helped in the future by numerical simulations,
which can provide accurate estimates of the size of emission regions, adiabatic losses,
wind mixing, Doppler boosts, etc.
Despite these caveats, I attempt to show that gamma-ray binaries can tell us some-
thing about pulsar physics by highlighting two of the most pressing issues that models
need to confront.
4.4.1 What is the origin of the particles emitting HE gamma rays ?
The HE gamma-ray spectral component seems to be independent of the VHE compo-
nent: the HE emission is not detected in all objects (HESS J0632+057), the HE and
VHE lightcurves behave differently (LS I +61◦303, PSR B1259-63), an exponential
cutoff separates the HE spectrum from the VHE spectrum (Fig. 19), the energy of
this cutoff is inconsistent with expectations from pair production on stellar photons
(LS 5039). Hence the consensus that different populations of particles are involved in
each band. A major challenge is to identify what those populations correspond to.
Intriguingly, the HE spectrum of gamma-ray binaries is typical of the pulsars ob-
served by Fermi/LAT while the rest of the multi-wavelength emission resembles that
of pulsar wind nebulae (§3.1). HE emission from pulsars is widely interpreted as
emission from within the light cylinder by particles that are accelerated in regions
(gaps) where there is a non-zero electric field, emitting curvature radiation as they
travel along magnetic field lines. This “magnetospheric” emission is not expected
to vary as the pulsar moves along its orbit in a binary. Indeed, most pulsars in bi-
naries behave exactly like isolated pulsars (§3.4). Why then is the HE component
modulated on the orbital period in gamma-ray binaries ? The HE emission could be
the sum of a constant magnetospheric component and a modulated inverse Compton
component (e.g. Kapala et al. 2010, Torres 2011). This possibility appears ruled out
by LS I +61◦303 since the HE modulation fraction varies strongly without the HE
spectrum changing (Hadasch et al. 2012).
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Figure 1. Left: spectral energy distribution of LS 5039 as observed by the Fermi-LAT (red). The gray open and filled circles are H.E.S.S. spectra in INFC and SUPC,
respectively (Aharonian et al. 2006) and are not simultaneous with the GeV measurements. Right: Fermi-LAT and H.E.S.S. spectra of LS 5039 in SUPC (blue) and
INFC (red).
(A color version of this figure is available in the online journal.)
an exponential cutoff (see Sections 3.1 and 4.1). These light
curves are not background subtracted. The folded light curves
shown in the subsequent sections are derived by performing
gtlike fits for each phase bin. Therefore, all of them are
effectively background subtracted. We check that both methods
for generating light curves, aperture photometry, and gtlike
fits are consistent with each other when the former light curves
are background subtracted too.
The primary method of timing analysis employed searches for
periodic modulation by calculating the weighted periodogram
of the light curve (Lomb 1976; Scargle 1982; Corbet & Dubois
2007). The light curve is constructed by summing, for each
photon, the estimated probability that the photon came from
the source of interest. The probability will be both spatially
and spectrally dependent. Because this technique allows for the
correct weighting of each photon, it intrinsically improves the
signal-to-noise and allows the use of a larger aperture. This
method has successfully been applied to increase the LAT
sensitivity for the detection of pulsars (Kerr 2011). However,
in the basic form of this technique, the weight for any particular
energy/position is fixed. This means that changes in source
brightness will not be reflected in the weights and can result
in incorrect probabilities. The calculation of probabilities was
performed using the tool gtsrcprob and the same source
model file derived from the 1FGL catalog and used in the
spectral analysis. Since the exposure of the time bins was
variable, the contribution of each time bin to the power spectrum
was weighted based on its relative exposure. Period errors are
calculated using the method of Horne & Baliunas (1986).
3. LS 5039 RESULTS
LS 5039 is located in a complicated region toward the
inner Galaxy with high Galactic diffuse emission and many
surrounding γ -ray sources. In particular, the LAT detected a
bright (8.7 × 10−7 photons cm−2 s−1 above 100 MeV) γ -ray
pulsar, PSR J1826−1256, ∼2◦ away from LS 5039. Following
the analysis performed in the earlier LAT paper (Abdo et al.
2009b), we discarded events whose arrival times correspond
to the peaks of the pulsar cycle of PSR J1826−1256 in order
to minimize the contamination from the pulsar. The excluded
pulse phase of PSR J1826−1256 is 0.05 < φp < 0.2 and
0.625 < φp < 0.775 (see Figure 37 in Ray et al. 2011), which
results in a loss of 30% exposure on LS 5039. To account for the
loss, a scaling factor of 1/0.7 is multiplied to fluxes obtained
with maximum likelihood fits.
3.1. Orbitally Averaged Spectrum
The orbitally averaged spectrum of LS 5039 was initially
investigated by fitting a power law and a power law with an
exponential cutoff to the data. We compare two models utilizing
the likelihood ratio test (Mattox et al. 1996), i.e., for the ratio
2×∆ log(Likelihood), we assume a χ2-distribution to calculate
the probabilities taking into account the corresponding degrees
of freedom (Eadie et al. 1971). In this case, the significance
of a spectral cutoff was assessed by comparing the likelihood
ratio between the power law and cutoff power-law cases, which
is −2 ln(LPL/Lcutoff) = 94.9, where LPL and Lcutoff are the
likelihood values obtained for the spectral fits with a power
law and a cutoff power law, respectively. This indicates that
the simple power-law model is rejected at the 9.7σ level in
favor of the cutoff power law. The best-fit parameters for the
cutoff power-law model are Γ = 2.06 ± 0.06stat ± 0.11syst
and Ecutoff = 2.2 ± 0.3stat ± 0.5syst GeV with a flux of
F>100 MeV = (6.1± 0.3stat± 2.1syst)× 10−7 cm−2 s−1 integrated
above 100 MeV. Using a cutoff power-law spectral model, the
maximum likelihood fit yields a test statistic of TS = 1623 for
the LS 5039 detection; equivalent to ∼40σ . We also tried a
broken power-law spectral model for LS 5039 in addition to
an exponentially cutoff power law. We found that the broken
power law gives lower T S values than the exponentially cutoff
power-law case.
Spectral points in each energy band were obtained by dividing
the data set into separate energy bins and performing maximum
likelihood fits for each of them. The resulting SED is plotted
in Figure 1 together with the best-fit cutoff power-law model.
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Table 1
T S Values for LS I +61◦303 for Different Spectral Shapes (See Section 4.3 for Details)
Data Set Power Law + Exponential Cutoff Power Law Broken Power Law
TS TS TS
30 months of data 23995 23475 23970
Data before 2009 March 3404 3314 3415
Data after 2009 March 20714 20283 20699
Inferior conjunction (geometrically) 12548 12326 12512
Superior conjunction (geometrically) 11711 11422 11700
Inferior conjunction (angle cut) 6670 6562 6665
Superior conjunction (angle cut) 6083 5986 6063
Periastron 11656 11450 11636
Apastron 12377 12059 12361
Table 2
Parameters for LS I +61◦303 from Spectral Fitting with Power Law with Exponential Cutoff (See Section 4.3 for Details)
Data Set Photon Index Γ Cutoff Energy Flux >100 MeV
(GeV) (×10−6 photons cm−2 s−1)
First 8 months of data 2.21± 0.04stat ± 0.06syst 6.3± 1.1stat ± 0.4syst 0.82± 0.03stat ± 0.07syst
30 months of data 2.07± 0.02stat ± 0.09syst 3.9± 0.2stat ± 0.7syst 0.95± 0.01stat ± 0.07syst
Data before 2009 March 2.08± 0.04stat ± 0.09syst 4.0± 0.6stat ± 0.7syst 0.75± 0.03stat ± 0.07syst
Data after 2009 March 2.07± 0.02stat ± 0.09syst 3.9± 0.3stat ± 0.7syst 1.00± 0.01stat ± 0.07syst
Inferior conjunction (geometrically) 2.14± 0.02stat ± 0.09syst 4.0± 0.4stat ± 0.7syst 1.07± 0.02stat ± 0.07syst
Superior conjunction (geometrically) 2.02± 0.03stat ± 0.09syst 3.9± 0.3stat ± 0.7syst 0.85± 0.02stat ± 0.07syst
Inferior conjunction (angle cut) 2.17± 0.03stat ± 0.09syst 4.1± 0.5stat ± 0.7syst 1.11± 0.03stat ± 0.07syst
Superior conjunction (angle cut) 2.15± 0.03stat ± 0.09syst 5.0± 0.7stat ± 0.7syst 0.91± 0.02stat ± 0.07syst
Periastron 2.14± 0.02stat ± 0.09syst 4.1± 0.4stat ± 0.7syst 1.01± 0.02stat ± 0.07syst
Apastron 2.01± 0.03stat ± 0.09syst 3.7± 0.3stat ± 0.7syst 0.90± 0.02stat ± 0.07syst
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Figure 4. Overall 30 month LS I +61◦303 spectrum (red) in comparison with
the earlier published one (black) over 8 months is shown. TeV data points taken
by MAGIC and VERITAS are shown in gray. They are not simultaneously taken
with the GeV data, whereas the data for the VERITAS upper limit (in green)
are.
(A color version of this figure is available in the online journal.)
and corresponding best fit using the updated data set described
in Section 2 are shown in Figure 4, together with previously
erived results from the LAT and TeV observations. Two sets of
TeV data are plotted: we show the non-simultaneous data points
obtained by the Cherenkov telescope experiments MAGIC and
VERITAS. (These data correspond to phases around 0.6–0.7
and represent several orbits observed in the period 2006–2008,
before Fermi was launched.) Additionally, we show the latest
measurements performed by VERITAS, which established a
99% CL upper limit.14 The new VERITAS upper limit spans
several orbits during which, simultaneously with our LAT
data, no detection was achieved. The LAT data along the
whole orbit are still best described by a power law with an
exponential cutoff. The T S value for a source emitting γ -rays
at the position of LS I +61◦303 with an SED described by
a power law with an exponential cutoff is highly significant.
The relative T S value comparing a fit with a power law and
a fit with a power law plus an exponential cutoff clearly
favors the latter, at the ∼20σ level. The photon index found
is Γ = 2.07 ± 0.02stat ± 0.09syst; the flux above 100 MeV is
(0.95 ± 0.01stat ± 0.07syst) × 10−6 photons cm−2 s−1, and the
cutoff energy is 3.9 ± 0.2stat ± 0.7syst GeV. Results for the
obtained T S values for each fit to different data sets are listed
in Table 1 and all fit parameters obtained for the exponentially
cutoff power-law models are listed in Table 2.
Figure 4 shows that the data point at 30 GeV deviates from
the model by more than 3σ (power law with cutoff, red line).
Although in our representation it is only one point, it is in
itself significant, with a T S value of 67 corresponding to ∼8σ .
Therefore, and similar to the case of LS 5039, with the caveat
of having only one point determined in the SED beyond the
results of the fitted spectral model, we investigate the possible
presence of a second component at HEs. As in the case for
LS 5039, we use the likelihood ratio test to compare two
models: model A is a power law with a cutoff and model B
is a power law with a cutoff plus an additional power law.
According to this test, the probability of incorrectly rejecting
model A is 5.7 × 10−15 (7.8σ ). The T S value for this extra
14 We derive this differential upper limit by using the VERITAS-reported
integral flux upper limit for phases 0.6–0.7 (Acciari et al. 2011) assuming a
differential spectral slope of 2.6.
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Fig. 19 Spectral energy distribution in HE (0.1-100 GeV) and VHE (> 100 GeV) gamma rays for LS 5039
(left) and LS I +61◦303 (right), showing the exponential cutoff separating the HE and VHE spectral com-
ponents (reproduced by permission of the AAS from Hadasch et al. 2012).
Alternatively, the HE emission could arise from the unshocked pulsar wind. In
the standard picture, the pairs in the ultra-relativistic wind are cold (§4.1). Although
they do not mit synchrotron emission, th s pairs can upscatter ambient photons,
providing a probe into this region (Bogovalov & Aharonian 2000). The stellar ra-
diation field in gamma-ray binaries is ideally suited to this purpose (Chernyakova
& Illarion v 1999; Ball & Kirk 2000; Sierpowska & Bednarek 2005; Khangulyan
et al. 2007). Intense Compton l nes re expected, peaking at an energy ≈ Γmc2 (in the
Klein-Nishina regime), where Γ is the Lorentz factor of the wind. Applying this to
PSR B1259-63, Khangulyan et al. (2012) found that its HE spectrum implies Γ ≈ 104.
However, the lines appear too narrow to reproduce the HE spectra of LS 5039 and
LS I +61◦303 (Cerutti a 2008; Sierpowska-Bartosik & Torres 2008).
Assuming power-laws instead of mono-energetic (cold) electrons provides a bet-
ter fit to the spectrum (Cerutti et al. 2009a). Such distributions might arise as a result
of magnetic reconnection in the current sheet of the striped pulsar wind (§4.1). Lit-
tle e ission is expect d way from the stripes where the wind is tenuous with high
σ. Emission from the stripes is highly Doppler boosted in the direction of the rel-
ativistic wind: significant emission can be detected only if the line-of-sight to the
pulsar crosses the current sheet. Since the stripe pattern turns with each rotation of
th pulsar, its HE emissio may be pulsed, providing an alternative to magnetospheric
models (Kirk et al. 2002; Pe´tri & Kirk 2005; Pe´tri 2011). Numerical simulations of
pulsar magnetospheres support the idea that part of the gamma-ray emission arises
outside the light cylinder (Bai & Spitkovsky 2010). If the distribution of obliquities
(the angle between pulsar magnetic and rotation axis) is random, then half of the line-
of-sights to pulsars cross the stripes. Hence, HE emission associated with the stripes
will not be detected in half of the VHE-selected gamma-ray binaries (Pe´tri & Dubus
2011), explaining why HESS J0632+057 is not detected in HE gamma rays. A dif-
ficulty of this interpretation is to understand the identical HE spectra of gamma-ray
binaries and Fermi/LAT pulsars: even if the particles originate in the current sheet in
both cases, the emission process must differ at some level since isolated pulsars do
not upscatter light from a massive stellar companion.
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The conundrum has yet to be resolved: emission related to the pulsar is a tanta-
lising interpretation of the HE gamma-ray spectrum of gamma-ray binaries but pro-
viding a consistent framework to explain the formation of this component in all high-
energy pulsars is challenging. As speculated above, resolving this tension can provide
new insights into pulsar wind physics. Or it may be a red herring. The peculiar HE
gamma-ray spectrum could have nothing to do with pulsar emission: Bednarek (2011)
proposed that it is due to particles accelerated at the stellar wind termination shock,
while Zabalza et al. (2013) proposed that it is due to electrons accelerated close to
the apex of the pulsar wind termination shock (while the VHE emission originates
further away in the termination shock). The debate is open.
4.4.2 What is the origin of the gamma-ray flare of PSR B1259-63 ?
A second major puzzle facing models is the HE gamma-ray flare from PSR B1259-63
(Tam et al. 2011; Fermi/LAT collaboration et al. 2011). A “brightening” was detected
around periastron passage, as had been expected from computing the lightcurve for
upscattering stellar photons (Kirk et al. 1999; Khangulyan et al. 2011; Pe´tri & Dubus
2011). However, the HE emission suddenly “flared” 30 days after periastron passage,
reaching a peak flux 20−30 times higher than during periastron passage (Fig. 3).
The flare started with the pulsar close to inferior conjunction, the least favourable
configuration for inverse Compton scattering off stellar photons. The Be disc also
contributes significantly to the ambient radiation field (van Soelen & Meintjes 2011),
mostly due to emission from the innermost disc close to the star (van Soelen et al.
2012). Therefore, the configuration for scattering off Be disc photons is no more
favourable. The flare started about 10 days after radio pulsations had returned from
their eclipse around periastron passage, suggesting the pulsar was not interacting with
the densest circumstellar material during the flare. No obvious reason stands out to
explain why a HE flare started 30 days after periastron. Similar behaviour is observed
from LS I +61◦303, where the HE emission peaks after periastron passage (see Fig. 5)
despite being in an unfavourable configuration for upscattering stellar light.
The mysterious origin of the HE flare is all the more vexing that, at peak, the
power radiated in HE gamma-rays represented nearly 90% of the spindown power.
The flare was not accompanied by correlated or odd behaviour at other wavelengths,
supporting the idea that the HE-emitting particle population is distinct from the pop-
ulation that radiates in X-rays or VHE. Khangulyan et al. (2012) proposed that the
flare was due to the rapid expansion of the pulsar wind, crushed by passage close
to the Be disc, resulting in enhanced inverse Compton emission from the cold pul-
sar wind: the difficulty is the source of seed photons; a similar difficulty is faced
by Dubus & Cerutti (2013) where the flare is due to upscattering of X-ray photons
from the pulsar wind nebula. Tam et al. (2011); Kong et al. (2012) proposed Doppler
boosting because the orientation of the shocked flow is favourable: the difficulty is
the lack of concurrent variability since all frequencies should be boosted. The flare
has also been associated with the formation of a superluminal wave precursor to the
termination shock Mochol & Kirk (2013).
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Further periastron passages will confirm or infirm that the HE flare is a periodic
phenomenon. If it isn’t, the flare might have been caused by a mechanism similar to
the intense HE flares observed from the Crab nebula (Buehler et al. 2012).
5 Gamma-rays from related binary systems
High-energy gamma-ray observations have led to the discovery of other types of bi-
nary systems besides gamma-ray binaries. Microquasars have long been on the watch
list: the latest results on gamma-ray observations of X-ray (accreting) binaries are de-
scribed in §5.1, especially Cyg X-3, the only confirmed microquasar detection. Novae
(§5.2) and colliding wind systems (§5.3) have also been detected, catching the com-
munity by surprise in the case of novae. Many of the tools developed for gamma-ray
binaries also find applications in these objects. Novae and colliding winds test our
understanding of diffusive shock acceleration on quite different scales than in super-
novae remnants, while microquasars in gamma ray offer insights into the mechanisms
linking accretion, ejection and non-thermal particle acceleration.
5.1 X-ray binaries or microquasars
X-ray binaries are powered by accretion of matter from a stellar companion onto
a black hole or neutron star. A significant fraction of the accretion energy released
in X-ray binaries is channeled to launch relativistic jets, whose non-thermal emis-
sion is observed in radio (Fender 2006), infrared (Casella et al. 2010; Russell et al.
2010), and X-rays (Corbel et al. 2002, 2005). These jets are the most striking analogy
between the physics of stellar-mass black holes in X-ray binaries and supermassive
black holes in Active Galactic Nuclei (AGN), hence the name “microquasars” for X-
ray binaries with relativistic jets (Mirabel et al. 1992). Similarities also exist in timing
and spectral characteristics. The analogy prompted speculation that some X-ray bi-
naries could be gamma-ray emitters, like blazars. Blazars are AGN whose relativistic
jet is fortuitously aligned with the line-of-sight, boosting the jet non-thermal emis-
sion. Blazars are the dominant population of HE sources in the Fermi/LAT catalogs
(Nolan et al. 2012). With their large powers, non-thermal radio emission, and rela-
tivistic jets, microquasars have all the ingredients for gamma-ray emission (Levinson
& Blandford 1996).
5.1.1 Gamma-ray emission expected from microquasars
If the jet energy is in pairs, as often surmised, then the creation of the positrons must
be accompanied by some gamma-ray emission. CGRO observations of X-ray binaries
detected non-thermal power-law tails extending well beyond 100 keV with a photon
index ΓLE ≈2.5–3 (Grove et al. 1998). Cyg X-1 is the prominent example, with the
power-law extending to 10 MeV in its high/soft X-ray state (McConnell et al. 2002).
A fainter and softer power-law component is also detected in its low/hard X-ray state
(for a review of X-ray spectral states, see Remillard & McClintock 2006). X-ray
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spectral state changes are associated with changes in the ejection regime (Fender et al.
2004). Is there a link between these tails and jet formation ? Part of the available
energy may be channeled into accelerating particles in the corona of the accretion
disc (Zdziarski & Gierlin´ski 2004; Malzac & Belmont 2009). Synchrotron or inverse
Compton emission from the compact jet has also been proposed to contribute to the
X-ray flux in the low/hard state (Markoff et al. 2001; Georganopoulos et al. 2002).
Jet or corona emission can thus be expected to extend to HE gamma rays (Romero
et al. 2003; Dermer & Bo¨ttcher 2006; Bosch-Ramon et al. 2006).
Radio/IR observations of discrete ejections (“blobs”) in GRS 1915+105 show
non-thermal emission cooling with expansion. Atoyan & Aharonian (1999) estimated
a detection might be possible by integrating the HE gamma-ray emission in the day
following ejection. The best evidence for particle acceleration to very high energies
in accreting binaries actually comes from the observation of X-ray emission from
such blobs in the relativistic jet of two microquasars, XTE J1550-563 and H1743-
322 (Corbel et al. 2002, 2005). Their emission is compatible with synchrotron radi-
ation from a power-law distribution of electrons. The maximum electron energy is
≈ 10 TeV, assuming an equipartition magnetic field of ≈ 500 µG. The X-ray emis-
sion is detected far from the binary, on parsec scales, months after the initial ejection
event. The short radiative timescale implies that particle acceleration occurs in situ: it
could involve internal shocks, magnetic energy dissipation or a shock with the ISM.
The particles are energetic enough to emit HE and VHE gamma-rays. Unfortunately,
the expected fluxes are too faint to detect unless the magnetic field is well below
equipartition with the particle energy density (see Figs. 1-2 in Xue et al. 2008).
Jets are now thought to be important depositaries of accretion energy, quietly
feeding back energy into the ISM as high energy particles. Heinz & Sunyaev (2002)
estimated their contribution could reach 10% of the Galactic cosmic ray luminosity.
Radio lobes and hotspots provide diagnostics of the relativistic jet power and con-
tent in AGN. Likewise, the ISM can behave like a calorimeter for microquasar jets.
Radio and optical observations reveal a bubble on parsec scales in the direction of
the AU-scale jet of Cyg X-1 (Gallo et al. 2005; Russell et al. 2007). The power re-
quired to inflate the bubble is comparable to the bolometric luminosity of the binary.
The termination shock of the jet inflating the bubble is a potential site for particle
(re)acceleration and emission. Bosch-Ramon et al. (2005a) and Bordas et al. (2009)
have considered gamma-ray emission from pion decay (when the jet interacts with a
molecular cloud), bremsstrahlung, or inverse Compton. Detectability remains highly
uncertain, depending on jet power, composition, duty cycle, source distance etc.
5.1.2 The elusive search for gamma rays from microquasars
Microquasars have proven elusive in HE and VHE gamma rays even with the latest
instrumentation.
Cygnus X-1 In 2007, the MAGIC collaboration reported flaring gamma-ray emission
from Cyg X-1, a binary composed of a massive star and black hole (MAGIC collab-
oration et al. 2007). A VHE source was detected for a few hours during one night
of a month-long monitoring campaign, with a significance of 4.0σ (3.2σ post-trial).
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An origin in the bubble discussed above can be ruled out from the VHE position
and variability. The flare luminosity L(> 100GeV) ≈ 2×1034 erg s−1 corresponds to a
conversion in VHE gamma rays of 0.2–2% of the total jet power (1036 to 1037 erg s−1,
Gallo et al. 2005). The detection occurred during a very bright flare in hard X-rays,
as had been observed several times prior to this episode (Golenetskii et al. 2003). The
X-ray flare lasted several days, with no remarkable change in flux or spectral state
at the time of gamma-ray detection (Malzac et al. 2008). The orbital phase of the
VHE detection is close to superior conjunction of the black hole with respect to the
O star companion, for which strong VHE absorption by pair production is expected
(Zdziarski et al. 2009). Cyg X-1 was not detected during its regular hard X-ray state
for which the MAGIC upper limit is ≈ 1033 erg s−1. Further observations by MAGIC,
adding 40 hours to the initial 50 hours, did not re-detect the source, formally lowering
the significance of the detection (Saito et al. 2009; Zanin et al. 2011). VERITAS also
reported only upper limits, from ≈ 10 hours of observations (Guenette 2009). The
VHE detection of Cyg X-1 remains to be confirmed.
In HE gamma rays, Malyshev et al. (2013) and Bodaghee et al. (2013) report a 3
to 4σ detection of steady gamma-ray emission from Cyg X-1 using Fermi/LAT ob-
servations. The source is detected only during the hard X-ray state, with a luminosity
L(≥ 100MeV) ≈ 2×1033 erg s−1 for a 2 kpc distance, consistent with the upper limits
derived using AGILE data (Del Monte et al. 2010; Sabatini et al. 2013). This is sur-
prising because the non-thermal power-law tail detected at MeV energies is weaker
during the hard state than in the soft state (§5.1.1), so a direct extrapolation would
have predicted a gamma-ray detection in the soft state. The presence of a radio jet
in the hard state, absent in the soft state, could be the key ingredient. Del Monte
et al. (2010) excluded the possibility of HE flares analogous to the MAGIC flare in
the AGILE data, based on the extrapolation of the soft MAGIC spectrum (ΓVHE ≈ 3)
to the AGILE range. However, episodic detections of Cyg X-1 are also reported by
AGILE: over a timescale ≤ 1 day during a hard X-ray state (Sabatini et al. 2010) and
over a timescale ≤ 2 days during a hard-to-soft transition (Sabatini et al. 2013). The
brightest flare (4σ post-trial significance) reached a luminosity in HE gamma rays
≈ 2×1035 erg s−1. These flares were not confirmed using Fermi/LAT data (Hill et al.
2011a). The gamma-ray detections and upper limits are constraining for models of
jets, hot accretion flows, and disc coronas (Malyshev et al. 2013). Future work is ex-
pected to clarify and confirm these detections.
GRS 1915+105 a famous microquasar, has a “plateau” state that resembles the low
hard state. The plateau state is preceded and followed by a strong radio flare (Klein-
Wolt et al. 2002). The radio jet in this state has an estimated power of 3×1038 ergs−1
(Fender & Pooley 2000). The X-ray spectrum becomes softer before the post-plateau
radio flare. HESS observed the source on several occasions for a total time of 24
hours and set an upper limit of 6×10−13 phcm−2 s−1 above 410 GeV, corresponding
to a VHE luminosity of 1034 ergs−1 at 11 kpc, so less than 0.003% of the jet power is
emitted in VHE gamma rays (H.E.S.S. collaboration et al. 2009a). This is much less
than inferred in Cyg X-1 from the MAGIC detection.
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Other X-ray binaries The MAGIC and VERITAS collaborations have published up-
per limits on the HE and VHE gamma-ray flux from 1A 0535+262, a bright neu-
tron star HMXB (VERITAS collaboration et al. 2011a), and Sco X-1, a neutron star
LMXB with radio jets (MAGIC collaboration et al. 2011). The upper limit on the
ratio of VHE to X-ray flux is comparable to what was found for GRS 1915+105. In
the case of 1A 0535+262, this low upper limit supports the idea that different physi-
cal processes are at work around the neutron stars of accreting HMXBs and those of
gamma-ray binaries, where the ratio is close to one. In HE gamma rays, Bodaghee
et al. (2013) give upper limits of ≈ 2× 10−8 ph cm−2s−1 (0.1-10 GeV) on the mi-
croquasars GRS 1915+105 and GX 339-4 using Fermi/LAT (see Levinson & Mattox
1996 for earlier upper limits using EGRET data). The only detections to date are Cyg
X-1 (see above) and Cyg X-3, detailed below.
5.1.3 Cygnus X-3: observations
Cyg X-3 is composed of a compact object in a 4.8 hours orbit with a Wolf-Rayet star
(van Kerkwijk et al. 1996). Wolf-Rayet are amongst the most extreme stars: this one
has a luminosity L? ≈ 1039 erg s−1 and loses mass at the rate of 10−5 M yr−1 as a
1000 km s−1 stellar wind. There is only one such binary known in our Galaxy. The
nature of the compact object remains unknown, although recent work has tended to
favour a black hole (Zdziarski et al. 2013, and references therein). The binary has
a separation of only 4 R, the compact object comes within a stellar radius of the
surface of its companion, the matter and radiation densities at this location are more
than three orders-of-magnitude greater than in any other high-mass X-ray binary and
six order-of-magnitude greater than in any low-mass X-ray binary. Bonnet-Bidaud &
Chardin (1988) reviewed the first two decades of work on Cyg X-3.
The X-ray source was discovered in 1966 by Giacconi and collaborators, rising
to stardom when it was found that the system flares to become one of the brightest
sources in the radio sky (Gregory & Kronberg 1972). The flux reaches ∼> 20 Jy during
major eruptions (Hjellming 1973 gives a lively account of the discovery). These occur
irregularly every year or so. The radio emission during flares was spatially resolved
(Geldzahler et al. 1983; Spencer et al. 1986; Strom et al. 1989), making Cyg X-3 one
of the first members of the class of sources that came to be known as microquasars.
Cyg X-3 displays changes in X-ray spectral states similar to those in X-ray binaries,
with the caveat that propagation in the stellar wind modifies strongly the X-ray timing
and spectral properties (Szostek & Zdziarski 2008; Zdziarski et al. 2010a).
Cyg X-3 was first claimed in gamma rays in 1973, soon after the radio detection.
SAS-2 reported a flux level of 4.4×10−6 ph cm−2 s−1 above 100 MeV, with the gamma-
ray emission modulated on the 4.8 hr orbital period, from two observation periods of
one week in 1973 (Lamb et al. 1977). The flux level is comparable to that observed by
AGILE and Fermi/LAT in the same energy band, nearly 40 years later (Tavani et al.
2009a; Fermi/LAT collaboration et al. 2009c). However, the SAS-2 gamma-ray mod-
ulation is in phase with the X-ray modulation while the Fermi/LAT modulation (see
below) is anti-phased with the X-rays. The SAS-2 detection (4.5σ) was not confirmed
by either COS-B (Hermsen et al. 1987) or EGRET (Michelson et al. 1992), although
Mori et al. (1997) later reported an EGRET source at the location of Cyg X-3.
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Fig. 20 Multiwavelength behaviour of Cyg X-3 around the time of the 2011 major radio flare with, from
top to bottom: hard X-rays, soft X-rays, HE gamma rays, radio. Figure reprinted from Corbel et al. (2012),
with permission of Oxford University Press, on behalf of the RAS.
In 2009 both AGILE and Fermi/LAT collaborations announced the detection of
Cyg X-3 in HE gamma rays (Tavani et al. 2009a; Fermi/LAT collaboration et al.
2009c). The detection is considered secure because of
– the high confidence of the detection (>20σ) at a position coincident with Cyg
X-3 after careful consideration of the possible biases (gating of a strong nearby
gamma-ray pulsar, improved modelling of the Galactic diffuse emission);
– the correlated variability of the γ-ray source with activity in radio and X-rays;
– the detection of a γ-ray orbital modulation at different epochs (Fig. 21);
– the independent, concurrent detections using different instruments.
The source is undetected in VHE gamma rays, even during times of HE gamma-ray
emission (MAGIC collaboration et al. 2010).
Gamma-ray detections are associated with high levels of soft X-ray emission and
periods of radio activity (Fermi/LAT collaboration et al. 2009c; Williams et al. 2011;
Bulgarelli et al. 2012; Bodaghee et al. 2013), more precisely when the following
criteria are met (Corbel et al. 2012; Piano et al. 2012): the 3–5 keV RXTE/ASM
count rate is above the pivotal value of 3 counts s−1 marking the transition from hard
to soft state, the Swift/BAT (> 15 keV) count rate is below 0.02 counts s−1, the radio
flux is greater than 0.2–0.4 Jy at 15 GHz. The soft X-rays are thought to arise from the
accretion disc, the hard X-rays from the corona, and the radio from the jet (Szostek
et al. 2008). Specific conditions must be present in all these components to have
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Fig. 21 Top: orbital modulations in gamma-rays (left) and X-rays (right). The horizontal dashed line (left
panel) shows the baseline flux, including the Galactic diffuse emission, at the position of Cyg X-3 outside
of flaring episodes. Figure taken from Fermi/LAT collaboration et al. (2009c), reprinted with permission
from AAAS. Bottom: spectral energy distribution of Cyg X-3. The shaded region corresponds to a model
for the non-thermal emission (synchrotron, self-Compton, and Compton on stellar photons; figure reprinted
from Zdziarski et al. 2012b, with permission of Oxford University Press, on behalf of the RAS).
gamma-ray emission. Fig. 20 illustrates this during the “quenched radio state” that
precedes a major flare (Fig. 20). The thin disc is thought to reach to the innermost
stable orbit in this state, turning off the radio jet (Hjalmarsdotter et al. 2009). There
is a relationship between the radio emission tracing the jet on large scales, the X-ray
emission tracing the accretion flow, and the gamma-ray emission tracing non-thermal
processes. All these components are simultaneously observable in Cyg X-3.
5.1.4 Cygnus X-3: accretion/ejection in γ-rays
The orbital modulation of the gamma-ray flux is a powerful tool to study the ori-
gin of the particle acceleration. Anisotropic inverse Compton scattering of the Wolf-
Rayet photons by non-thermal electrons is a natural interpretation for the modulation
(Fermi/LAT collaboration et al. 2009c). This is supported by the anti-correlation with
the X-ray modulation. The X-ray modulation is due to Thompson scattering of the
X-rays (τT ≈ 1) as they travel through the stellar wind (Pringle 1974; Zdziarski et al.
2012a). Assuming the X-rays originate from the accretion disc, close to the compact
object, minimum scattering (maximum X-ray flux received by the observer) occurs at
inferior conjunction and maximum scattering (minimum X-ray flux) occurs at supe-
rior conjunction. This phasing of the orbit is consistent with the interpretation of the
Gamma-ray binaries and related systems 57
infrared modulation as due to partial shielding of the stellar wind from the strongly
ionising X-ray flux (van Kerkwijk et al. 1996; Fender et al. 1999). It turns out that the
gamma-ray maximum corresponds to superior conjunction (Fig. 21), just as expected
from anisotropic inverse Compton scattering (§4.3.4). The propagation of the gamma
rays is not affected by scattering in the wind, unlike X-rays, because of the interaction
occurs in the Klein-Nishina regime.
The nearly 100% modulation fraction suggests the emission region must be lo-
calised: a large emission region would dilute the effects of anisotropic scattering. The
link with the radio emission suggests the jet as the emission site. Gamma-ray emis-
sion in the accretion disc or in the corona is strongly affected by pair production with
X-ray photons (Cerutti et al. 2011; Sitarek & Bednarek 2012a). If the gamma-ray
emission is localised in a small region of the jet, Dubus et al. (2010b) found that
the models best-fitting the modulation lightcurve involve a height in the jet of typi-
cally 1–10× the orbital separation (i.e. outside of the system) and an inclined jet of
moderate speed (0.2-0.8c), close to our line-of-sight as already deduced from radio
observations (Miller-Jones et al. 2004).
The gamma-ray emission is not a direct extrapolation of the hard power-law ex-
tending in X-rays above 30 keV: there is no direct spectral connection (Fig. 21) and
they are not modulated in phase (Zdziarski et al. 2012a). Using the constraints from
the spectral energy distribution and modulations, Zdziarski et al. (2012b) found that
the electrons are injected with a minimum Lorentz factor γ ≈ 300–1000, consistent
with theories of diffusive shock acceleration which have γmin ∼ mp/me, and that the
jet kinetic power is comparable to the bolometric luminosity of 1038 erg s−1.
Hence, the gamma-ray emission zone is separated from the corona and located in
the jet, far from the accretion disc. Particle acceleration could be associated with the
recollimation shock that forms when the jet becomes under-pressured with respect to
its environment: here, the dense stellar wind from the Wolf-Rayet companion. Such
shocks are seen in numerical simulations, which also show low-power jets can be dis-
rupted by the stellar wind (Perucho et al. 2010). Recollimation shocks have also been
invoked to explain the radio brightening of ejecta moving through (nearly) standing
shocks in M87 and blazars (Stawarz et al. 2006; Bromberg & Levinson 2009; Agudo
et al. 2011). The location of the shock will vary depending upon the jet and stellar
wind pressure. The associated gamma-ray lightcurve will be intermittent if there is
a favoured location for emission, neither too close nor too far (a “sweet spot”, Cor-
bel et al. 2012). The non-thermal particles radiate in radio as they cool down. The
radio lightcurve of Cyg X-3, with minor and major flares, has been interpreted as
a succession of propagating shocks (Miller-Jones et al. 2009). The formation of the
recollimation shock has yet to be related to the conditions in the corona, close to the
launch region, and to the radio emission further away in the jet. The tentative detec-
tion of Cyg X-1, where the stellar environment is much less stringent, may question
a model designed too exclusively for Cyg X-3. Understanding how all the pieces of
the puzzle connect will provide unprecedented constraints on the dynamical links
between accretion, ejection, and non-thermal processes.
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Fig. 3. Density profiles along radial rays originating from the WD.
Bold colored lines denote rays in the orbital plane along the x- and
y-coordinate axes, the RG being located in the negative x-direction
(−x green; +x magenta; −y blue; +y red). Perpendicular, green bold
lines denote the position of the RG. The bold black line is in a pole-
ward direction (+90◦), thin grey lines belong to an inclination of 60◦
and positive and negative x- and y-directions, respectively.
orders of magnitude. Most prominent here, and reaching farthest
out, is the trailing accretion wake of the WD. This density struc-
ture affects the early evolution of the nova remnant. At greater
distances, densities in the orbital plane remain higher than to-
ward the poles, but only by a factor of 2−3. This is, however,
enough to cause an asymmetric evolution of the nova remnant.
Although the density decreases as 1/r2 on average, the relative
amplitude of local variations due to the self-interacting spiral
pattern are up to a factor of 10, especially in the orbital plane.
We expect these local variations to vanish at even larger scales
that are beyond our computational domain.
The velocity of the systemic outflow is a superposition of
the RG wind velocity, its rotational velocity, the orbital velocity,
and hydrodynamical effects. On larger scales than ≈5 × 1013 cm,
the flow field is essentially directed radially outward. Depending
on the exact angle of an observer, any radial speed between
20 km s−1 (polewards) and ≈50 km s−1 (mostly in the orbital
plane) can be found in the computational data. This range is con-
sistent with the different values of the wind speeds derived from
observations, e.g. 36 km s−1 by Iijima (2008) and 40−60 km s−1
by Shore et al. (1996).
The computed accretion rate is 10% of the mass loss rate of
the RG, independent of the absolute mass loss of the RG. To
our knowledge, this is the first quantitative self-consistent pre-
diction of the accretion rate of a symbiotic-like recurrent nova.
A higher accretion rate is expected for a less massive RG (Fekel
et al. 2000; Dobrzycka & Kenyon 1994), since a smaller system
separation would result. The computed value is in line with the
values found in 3D simulations of related symbiotic binary star
systems, for example, 6% in RW Hydrae (Dumm et al. 2000) and
10%−25% in Z Andromeda (Mitsumoto et al. 2005). In absolute
terms, the WD in our simulation accretes 10−8 M% yr−1. This
value also agrees well with the accretion rates required by multi-
cycle nova evolution models (Yaron et al. 2005) for RS Oph like
binary systems, with MWD = 1.4 M% and a recurrence period
of 22 years.
Conversely, the nova models, together with the above accre-
tion rate of 10% of the RG mass loss, quantitatively constrain
the mass loss of the RG to values around 10−7 M% yr−1. This is
yet another, completely independent, estimate of the mass loss
rate of the RG in RS Oph. It is more at the upper limit of the
values given by Seaquist & Taylor (1990) for RG in classical
symbiotics. A much higher estimate of 10−5 M% yr−1 was de-
rived by Shore et al. (1996). A more recent analysis indicates
Fig. 4. Density structure of the nova remnant. Shown are density (loga-
rithmic scale, g/cm3) and velocity (cm/s) in the orbital plane (xy-plane,
left) and in a plane perpendicular to the orbit (yz-plane, right) at 29 h
(top panels) and 21 days (bottom panels) after explosion. The RG is
shown in red, the WD in blue.
the rate could be a factor of about 10 lower (Shore 2008) and
should only be taken as an upper limit. However, evolutionary
models of single stars predict values greater than 10−7 M% yr−1
for only a very short time on the RG branch (Maeder & Meynet
1988). At the moment, we are not able to resolve this spread in
the estimates.
2.3. Outburst: bipolar blast due to density stratification
Launching the ejecta of a nova explosion into this complex cir-
cumstellar environment naturally results in a strongly asymmet-
ric shock front, visible as a high-density shell in Fig. 4. The
time evolution of the nova remnant is shown in a supplementary
movie. The explosion was simulated by instant injection with
energy and mass of 2.2 × 1043 erg and 2 × 10−7 M%, respec-
tively, at the position of the WD. The assumed explosion mass
is on the lower end of published estimates for the ejected mass
(Sokoloski et al. 2006; O’Brien et al. 1992), which range from
10−7 M% to 10−6 M%, but is comparable to the 2.2 × 10−7 M% ob-
tained from the self-consistently computed accretion phase. An
isothermal equation of state with γ = 1.1 is used, because in-
clusion of detailed cooling as in recent 1D models (Vaytet et al.
2007) is currently beyond the reach in 3D simulations.
The initial velocities of the modeled ejecta are∼3500 km s−1,
within the range of observed values (Bode et al. 2006; Das et al.
2006; Evans et al. 2006). A larger extension of the shock front
in poleward directions, where pre-outburst densities are lowest,
is consistent with observations (O’Brien et al. 2006; Chesneau
et al. 2007). In the orbital plane, the shock front displays a
roughly circular shape for about 2/3 of its arc. Toward the RG
and the former accretion wake, where densities are particularly
high, the shock front advances more slowly.
Quantitative evaluation of the shock position as a function of
time, Fig. 5 yields shock velocities scaling with time as vs ∝ t−α,
with 0.2 ≤ α ≤ 0.5 for most times and directions. Poleward
and the first indication of a signal was a marginal
detection in the 12- to 18-hour bin (2.8s). This was
followed by a highly significant detection (at 5.7s)
in the last 6-hours bin (18 to 24 hours), which had
a peak flux that was a factor of≳3 larger than that
of the marginal detection and the limits from
earlier in the day (see SOM). The initial detec-
tion of the g-ray source by the Fermi-LAT in the
latter 12 hours of 10 March is consistent with the
time of the optical nova discovery.
The peak flux in g-rays (defined in 1-day seg-
ments) was observed between 13 to 14 March, 3
to 4 days after the initial g-ray detection, and with
a flux (9 × 10−7 photons cm−2 s−1) that was
greater than that observed on 10 March by a
factor of 2. The data was analyzed up to mid-
April, and the last day with a significant detection
(>3s) of the variable g-ray source was 25 March,
amounting to a total lifetime of activity of 2
weeks. Defining an “active” period (14) from 10
March 18:00 to 29 March 00:00, we obtained a
g-ray position (Fig. 2) from the cumulative ex-
posure that is 0.040° offset from the optical po-
sition of V407 Cyg, which is within the LAT 95%
confidence circle (radius = 0.062°). The average
spectral energy distribution (SED) of the Fermi-
LAT g-ray source during the defined active pe-
riod can be described with an exponentially
cut-off power-law model (see SOM) with a flux
(>100MeV) of (4.4 T 0.4) × 10−7 photons cm−2 s−1
(and an overall source significance of 18.1s). A
likelihood-ratio test indicates that the addition of
the exponential cut-off improves the fit at the 4.9s
level compared with a simpler single–power-law
model. We find no evidence for spectral varia-
bility over the duration of the active g-ray period
(see SOM). Our analysis of the data from the 2
weeks after the active period (29 March to 12
April) collectively gives a significance of only
1.6s (and a flux upper limit of 0.8 × 10−7 photons
cm−2 s−1), indicating that the flux has declined
below the level of detectability. Overall, the g-ray
source is brightest at earlier times, consistent with
the optical behavior of V407 Cyg. The coincident
localization and the observed correlated variability
imply that the optical nova is the source of the
variable g-ray flux.
Nuclear g-ray lines and continuum emission
from novae at ≲1-MeVenergies have been con-
sidered (15), but the Fermi-LAT detection of
V407 Cyg shows unequivocally that novae can
generate high-energy (>100 MeV) g-rays. The
>100-MeV g-ray luminosity, its spectrum, and its
light curve can be understood broadly as conse-
quences of shock acceleration taking place in a
nova shell. Such a nova shell is produced by ther-
monuclear energy release on the WD and initially
expands freely into a very dense medium con-
sisting of the RG wind and atmosphere present
in the binary system prior to the nova. The radio
source detected from V407 Cyg over 22 to 28
March (16, 17) and subsequent imaging, which
revealed the emission to be predominantly ex-
tended at a fewmilli–arc seconds resolution (18),
is consistent with a picture of an extended shell,
as was found in the 2006 RS Ophiuchi nova out-
burst (19, 20).
An initially spherical shell can sweep up mass
from the companion RG wind asymmetrically
and will reach a deceleration phase during which
it expands adiabatically (21) with different tem-
poral behavior in different directions from theWD
center. Fermi acceleration of protons and electrons
takes place in the outgoing nova shock during
both the free-expansion and deceleration phases,
and we show that the measured g-ray spectrum
can be explained by p0 decay g-rays from proton-
proton (pp) collisions or inverse Compton (IC)
scattering of infrared photons from the RG by
electrons. In both of these scenarios, the g-ray light
curve, in conjunction with the delayed rise of the
x-ray flux, can be explained qualitatively as a
geometrical effect of the nova-shell evolution.
The measured optical peak magnitude of 7 of
V407 Cyg (9) over 1 day implies an energy re-
lease of ≥3 × 1042 ergs at visible frequencies
(after extinction correction). The kinetic energy of
the ejecta in the nova shell, ek ~ 10
44 ergs, can be
estimated assuming a nova-shellmassMej ~ 10
−6M⊙
[which is a plausible value for a massive WD >
1.25M⊙ (22, 23), whereM⊙ is themass of the Sun]
and the velocity vej = 3200 T 345 km s
−1, inferred
from an Ha atomic emission line-width measure-
ment on 14 March (see SOM). The velocity of the
outgoing shock wave is initially vsh ~ vej. The onset
of the deceleration phase and subsequent evolu-
tion of the shock wave are determined by the
density of the RG stellar wind and atmosphere
surrounding the nova shell, which depend on two
poorly constrained parameters: (i) the WD-RG
separation (a) and (ii) the RGmass-loss rate in the
wind (M˙W). As we will discuss shortly, the de-
tection of the g-ray flux within 1 day of the op-
tical detection of the nova, a peak duration of 3 to
4 days, and subsequent decay within 15 days
after the optical nova can be modeled as emission
from the nova shell in a dense environment and
Fig. 1. Light curves of V407 Cyg
in g-rays from the Fermi-LAT (top),
optical (middle), and x-rays from
Swift (bottom). Vertical bars indi-
cate 1s statistics errors for all data
(the errors are smaller than the
points in the optical section). For
the g-ray data, gray arrows indi-
cate 2s upper limits, and horizontal
bars indicate the 1-day binning. In
the optical section, unfiltered (black),
RC (red), and V (green) band magni-
tudes are shown (see SOM). The
vertical dashed blue line indicates
the epoch of the optical nova detec-
tion; the g-ray peak occurred 3 to
4 days later. Fg, g-ray flux; XRT,
Swift X-ray Telescope.
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mostly from along the WD-RG axis, assuming
an inverse-square law wind-density profile from
the RG center, with a ~ 1014 cm and M˙W ∼ 3!
10−7M⊙ year
−1. Both of these values are a factor ≈
2 smaller than those suggested previously for the
V407 Cyg system (2).
The density of particles in the RG wind is
n(R) ¼ M˙W½4p(R2 þ a2 − 2aRcosqÞvW m&−1.
Here, the RG wind velocity, vw ≈ 10 km s−1, is
based on optical spectra (see SOM), the mean
particle mass is m ≈ 10−24 g, R is the distance
from the WD center, and q is the polar angle
relative to the WD center. The energy density in
the RG radiation field is, similarly, uIR(R) ¼
LIR½4pðR2 þ a2 − 2aRcosqÞc&−1, where c is the
speed of light. The RG luminosity, LIR ≈ 104L⊙
(where L⊙ is the luminosity of the Sun) (2, 11), is
consistent with a spectral fit to post-nova infrared
measurements with a temperature of ≈ 2500 K
(see SOM). Near the WD surface (R ≈ 0.01R⊙,
where R⊙ is the radius of the Sun), these densities
are n ~ 108 cm−3 and uIR ~ 0.01 erg cm
−3, and they
increase by up to one order of magnitude when
the nova shell approaches the RG surface (that
is, along q ≈ 0°) at a radius rRG ≈ 500 R⊙. An
equipartition of the energy density in the magnetic
field expected to arise from turbulent motions in
the wind to the thermal energy density in the RG
win with temperature Tw ≈ 700 K (2) gives a
mean magnetic field Bsh(R) = [32pn(R)kTw]
1/2 ~
0.03 G (here, k is the Boltz ann consta t) in the
shock wave when it is near the WD. Electrons
and protons can be accelerated efficiently in this
magnetic field (24) and interact with the surround-
ing RG wind particles and radiation.
The time scale for pp interactions for a p0
model to produce g-rays in the shock wave is
tpp ≈ 1/[4n(R)cspp] ~ 2.8 × 106 s when the nova
shell is ne r the WD. H re, spp ≈ 3 × 10−26 cm2 is
the pp cross section. Thus, t/tpp ~ 3%of t protons
can interact to produce p0 emission on a time scale
t = 1 day. In an IC scenario, the cooling time scale
for electrons with energy Ee ≈ 5 GeV that up-
scatter 2500-K photons to ≈ 100 MeV is tIC ¼
(3=4)m2ec
3½sTEeuIR(R)&−1 ∼ 3:1! 105 s (here,me
is themass of the electron, and sT is the Thomson
electron scattering cross section). Thus, t/tIC ~
28% of the electrons produce g-rays efficiently in
a time scale t = 1 day. The efficiency for g-ray
production in both the p0 and IC models in-
creases substantially in the part of the nova shell
that expands toward the RG (q ~ 0°) and reaches
the deceleration phase, by accumulating RG wind
and atmospheric material of mass equal toMej, at
a distance ~ 7 × 1013 cm in ~2.5 days. The ef-
ficiency decreases rapidly in the part of the shell
that expands away from the RG (q ≥ 90°) because
of a decreasing density in both the RG wind and
radiation.
In our scenario, most of the g-rays come
from the part of the nova shell approaching the
RG. This can qualitatively explain the basic fea-
tures of the g-ray light curve (Fig. 1): (i) its
onset within days of the optical nova and the
peak flux reached in 3 days due to an increasing
efficiency for pp interactions and an increasing
volume of the shock-accelerated particles and
(ii) the decline in the flux after ~5 days due to
weakening of the shock wave after reaching the
deceleration phase. A highly significant 1-day
detection (6.5s) of an increase in g-ray flux 9 days
after the nova discovery (Fig. 1) could be due to
the nova shell hitting a part of the RG surface or
a nearby remnant of high density with a size
scale of ~1013(vsh/1500 km s
−1)(t/1 day) cm.
A representative p0 decay model fitting the
LAT data with a cosmic-ray proton spectrum in the
form of an exponentially cut-off power-lawNp ¼
Np,0(Wp þ mpc2)−spe−Wp=Ecp (whereEcp,Wp, and
mp are the cut-off energy, kinetic energy, and
mass of the proton, respectively) is shown in Fig.
3. The g-ray spectrum is well reproduced with
a spectral index sp ¼ 2:15þ0:45−0:28 , similar to the
expected spectrum from the Fermi acceleration
mechanism, with Ecp ¼ 32þ85−8 GeV (1s uncer-
tainties) (see SOM). The total energy in g-rays
above 100MeVintegrated over the active period
is eg ≈ 3.6 × 1041 erg. The total energy in protons
is ep ≈ ∈ −1p 〈Ep=Eg〉eg, where ∈p is the mean
efficiency for pp interactions and1=〈Ep=Eg〉 ≈ 0:2
is the mean fraction of proton energy transfer to
g-rays per interaction in the Eg ≥ 100 MeV range.
The ratio of the total energy in protons that produce
g-rays to the kinetic energy (ep/ek ~ 9%), with ∈p ~
0.2 averaged over the g-ray source lifetime of 15
days and the whole nova shell, is similar to 1 to
10% estimated in supernova remnants (25). The
ratio, however, is largerwhen considering dominant
g-ray emission coming mostly from the part of the
shell that expands toward the RG.
The leptonic model is represented in Fig. 3
as the total of the IC spectrum plus a small con-
tribution from bremsstrahlung emission that arises
from the scattering of electrons with protons of
density n(R) in the shock wave (see SOM). The
exponentially cut-off power-law electron spec-
trum, Ne ¼ Ne,0W −see e−We=Ece , where Ece and We
are the cut-off energy and kinetic energy of
electrons (in billion electron volts), respectively,
reproduces the g-ray spectrum with a spectral
index se ¼ −1:75þ2:40−0:59 and Ece ¼ 3:2þ2:6−0:1 GeV
(1s uncertainties) (see SOM). The total number
of electrons emitting in the steady state is Ne,0 ≈
4 × 1042 electrons, with a mean energy of 8.7
GeV, which is larger than Ece because of the
steep spectrum. The total energy in electrons
over 15 days of g-ray emission is ee ≈ 4 × 1041
ergs, averaged over the nova shell. Thus, the
total energy in electrons that produce g-rays in
the IC model is a small fraction of the kinetic
energy in the shell (ee/ek ~ 0.4%).
X-ray emission detected from V407 Cyg with
the Swift X-ray Telescope as early as 3 days after
the onset of the optical nova (Fig. 1) is probably
due to shock-heating of ambient gas (26, 27).
The x-ray flux starts rising substantially about
2 weeks after the nova, coinciding with when the
g-ray flux declines below the level of detectability.
In our geometric scenario, the sharply rising x-ray
flux is due to the increasing volume of shocked
gas in the nova shell expanding in the direction
away from the RG. The x-ray flux peaks about
30 days after the explosion, and its subsequent
slow decline is consistent with the longer time
scale of the deceleration phase.
The Fermi-LAT detection of V407 Cyg was
a surprise and adds novae as a source class to
the high-energy g-ray sky. The particle acceler-
ation mechanism and the g-ray emission scenar-
ios outlined here require the mass donor to be a
RG; that is, a nova in a symbiotic system. In-
terestingly, several symbiotic stars are known to
be recurrent novae (i.e., systems observed to have
undergone multiple thermonuclear runaways
within the last century), and recurrent novae are
often considered candidate progenitors of type
Ia supernovae (28). V407 Cyg may also belong
to this class of binaries, and we have adopted
parameters that are consistent with such a clas-
sification in modeling the g-ray emission. In gen-
eral, these sources can have dramatic influence
on the local interstellar medium and Galactic
cosmic rays, but few binary systems with a WD
are known to have a similar environment; hence,
we expect g-ray novae to be rare.
Fig. 3. SED of V407 Cyg in million electron
volt/billion electron volt g-rays measured by
the Fermi-LAT instrument over the period
from 10 March 18:00 to 29 March 00:00
2010. Vertical bars indicate 1s statistical
errors, red arrows indicate 2s upper limits,
and horizontal bars indicate energy ranges.
The best-fit p0 (black solid line) and
leptonic (blue dashed line) models are
indicated.
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Fig. 22 Gamma-ray emission from the nova V407 Cyg. Left: numerical si ulation of the propagation
of a shock in a symbiotic system (density map in the orbital plane, figure reproduced with permission
fro Walder et al. 2008 c©ESO). Middle: gamma-ray, optical, and X-ray lightcurve of the V407 Cyg
nova outburst. Right: average gamma-ray spectrum, with representative “leptonic” (inverse Compton) and
“hadronic” (pi0 decay) odels (figures t ken from Fermi/LAT collaboration et al. 2010b, reprinted with
p mission from AAAS).
5.2 Novae
The discovery by the Fermi/LAT of gamma-ray emission associated with a symbi-
otic novae, V407 Cyg, was somewhat unexpected. Symbiotic novae are composed
of a white dwarf in orbit around red giant. Mas accumulates on the white dwarf
through Bondi-Hoyl a cretion of the stell r wi d until th critical pressure for ther-
monuclear burning is reached. The sudden energy release forms a shock as the burn-
ing layer rapidly inflates an envelope that reaches a size of ≈ 0.3 AU within 0.1 day in
fast novae (associated with massive white dwarfs, Yaron et al. 2005). The shock prop-
agates in the dense red giant wind (Fig. 22), as observations of the symbiotic nova
RS Oph illustr ted prior to the detection of V407 Cyg (Sokoloski et al. 2006; Rupen
et al. 2008). Tatischeff & H rnanz (2007) pointed out that diffusive shock accelera-
tion of particles in RS Oph could explain discrepancies between the shock speed as
measured from infrared lines and from the X-ray temperature (related by kT ∝ v2 in
the adiabatic limit, Eq. 25), a diagnostic that is also used to study the non-thermal
content of shocks in supernova remnants (e.g. Helder et al. 2009).
The discovery of gamma-ray emission from V407 Cyg with the Fermi/LAT con-
firmed particle acceleration occurs in novae (Fermi/LAT collaboration et al. 2010b).
V407 Cyg is a similar system to RS Oph, with a white dwarf in an estimated 40-year
orbit around a Mira red giant at a distance f 2.7 kpc (see Munari et al. 2011; Shore
et al. 2011, 2012, and references therein). Japanese amateur astronomers reported a
no a outburst in March 2010 (Ni iyama et al. 2010). The event was rapidly asso-
ciated with the apparition of a new gamma-ray source at the same time and location
(Cheung et al. 2010). Gamma-ray emission was detected in the first two weeks after
the optical peak (Fig. 22). The average gamma-ray spectrum is best-fitted by a power-
law of index Γ ≈ 1.5 with an exponential cutoff Ec ≈ 2.2 GeV. No VHE emission was
observed by the VERITAS collaboration et al. (2012), the VHE observations starting
≈ one week after optical peak.
The shock propagation depends on the direction within the system since mat-
ter is distributed an sotropically around the white dwarf. The shock slows down on
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a timescale ∼ a week as material is swept-up from the circumstellar medium. Pro-
tons and electrons accelerated at the shock lose energy via synchrotron or inverse
Compton emission, pp interactions leading to pion decay, and adiabatic expansion.
At the same time, shock-heated material radiates thermal bremsstrahlung emission in
X-rays. Radio emission appears to be due to free-free emission of the stellar wind,
ionized by the nova outburst (Chomiuk et al. 2012). Overall, the system behaves like
a miniature supernova, with the total kinetic energy in the shock ≈ 1044 erg, whose
evolution is seen in “real-time” rather than through a snapshot.
The gamma-ray emission from V407 Cyg has been modeled as pion decay (Raz-
zaque et al. 2010; Sitarek & Bednarek 2012b), while the X-ray emission has been
modeled as thermal bremsstrahlung emission (Nelson et al. 2012; Orlando & Drake
2012). However, as with supernova remnants (e.g. Ellison et al. 2012), the combined
study of thermal and non-thermal emission is a powerful discriminant of models.
Both emissions are linked since acceleration and heating tap the same energy reser-
voir (the shock’s kinetic energy) and the same particle reservoir (swept-up material).
Because of their smaller cross-section, pp interactions tend to be less efficient than
inverse Compton scattering at converting particle energy to high-energy emission.
Gamma-ray emission dominated by pi0 decay thus requires high densities in order to
have a large number of protons accelerated and a high number of targets for pp inter-
actions, which also implies strong X-ray emission since a lot of material is swept-up
and shock-heated. Martin & Dubus (2013) argue that this is compatible with observa-
tions only if most of the kinetic energy is channeled into particle acceleration (i.e. a
“cosmic-ray dominated shock” with a non-thermal efficiency >50%). Models where
the gamma rays are predominantly due to inverse Compton emission on the red giant
or nova light are less demanding in terms of energetics, with non-thermal efficien-
cies of 10% and values for the fraction of particles that are accelerated compatible
with those derived from supernova remnants. In all cases, the fast rise and rapid de-
cay of the Fermi/LAT lightcurve require early interaction with denser material than
expected from the stellar wind (Martin & Dubus 2013). Identical conclusions are
reached by modeling the X-ray lightcurve (Orlando & Drake 2012). A natural can-
didate is denser structures arising from Bondi-Hoyle accretion onto the white dwarf
prior to the outburst (Walder et al. 2008, Fig. 22).
Since then, the Fermi/LAT collaboration has reported the discovery of gamma-ray
emission from two other novae, Nova Mon 2012 and Nova Sco 2012 (Cheung et al.
2012a,b). The preliminary Fermi/LAT lightcurves and spectra are similar to those of
V407 Cyg, with the gamma-ray emission lasting a couple of weeks and a spectrum
peaking at a few GeV in νFν (Cheung 2013; Hill 2013). Surprisingly, none are asso-
ciated with a symbiotic binary. Nova Mon 2012 has a 7.2 hour orbital period, hence a
main-sequence companion without a dense stellar wind (Page et al. 2013; Shore et al.
2013). Any nova-generated shock quickly engulfs the system, a priori finding little
matter to interact with on a timescale of weeks. What is the ejecta interacting with
in those systems ? The answer could change our understanding of what happened in
V407 Cyg. Classical novae are about 10× more numerous than symbiotic novae (Lu¨
et al. 2006, 2011) so further gamma-ray detections can be expected, bringing new
perspectives on nova physics as well as on diffusive shock acceleration.
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Fig. 23 Spectrum (left) and lightcurves (soft and hard gamma-ray bands) of the gamma-ray source associ-
ated with the colliding wind binary η Car. Spectrum reproduced with permission of AAS from Fermi/LAT
collaboration et al. (2010a). Lightcurves reproduced with permission from Reitberger et al. (2012) c©ESO.
5.3 Colliding wind binaries
Colliding wind binaries (CWB) are binaries composed of two massive stars. The
interaction of their stellar winds (§2.1.2) generates a double-shock structure, as pre-
sented for gamma-ray binaries (Figs. 10-11). Shock heating is thought to be respon-
sible for the X-ray emission from CWB (Cherepashchuk 1976; Luo et al. 1990;
Usov 1992; Stevens et al. 1992) ; shock compression helps obtain the high densi-
ties required to form dust and shield it from the intense UV emission from the stars
(Williams et al. 1987; Usov 1991). Non-thermal radio emission is also detected, at-
tributed to diffusive shock acceleration of particles (Eichler & Usov 1993; see De
Becker 2007 for a review and De Becker & Raucq 2013 for a catalog). In some
CWB, the varying aspect of the shock at different orbital phases has been imaged us-
ing radio very long baseline interferometry (Dougherty et al. 2005). In others called
“pinwheel nebulae”, infrared interferometry was able to image the spiral pattern cre-
ated by the rotation of the cometary “plume” of dust emission with the binary orbit
(Tuthill et al. 1999). Gamma-ray binaries are in many aspects only extreme examples
of CWB (§2-3).
A fraction of the stellar wind kinetic power is dissipated at the shocks, where a
further fraction can serve to accelerate particles and generate detectable gamma-ray
emission (Benaglia & Romero 2003, Reimer et al. 2006, Pittard & Dougherty 2006).
Only one CWB has been detected so far in HE gamma rays. η Car is composed of a
≈ 100 M luminous blue variable in a 5.5 year highly eccentric orbit (e > 0.9) with an
O or Wolf-Rayet type star (Davidson & Humphreys 1997; Damineli et al. 2008 and
references therein). The system is also rare (if not unique) amongst CWB in showing
non-thermal X-ray emission: a hard tail (ΓX ≈ 1.4) is observed above 10 keV up to
at least 50 keV, with a luminosity about ≈ 7× 1033(d/2.3kpc)2 erg s−1 (Viotti et al.
2004; Leyder et al. 2008; Sekiguchi et al. 2009).
A gamma-ray source positionally-coincident with η Car was discovered with AG-
ILE (Tavani et al. 2009b) and Fermi/LAT (Fermi/LAT collaboration et al. 2010a). The
HE spectrum is composed of a power-law with an exponential cutoff at Ec ≈ 1.6 GeV
(the “soft” component) and a hard tail detected nearly up to 100 GeV (“hard” com-
ponent, Fermi/LAT collaboration et al. 2010a; Farnier et al. 2011, Fig. 23). This tail
must cut off abruptly since observations with HESS did not detect the source in VHE
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gamma rays (H.E.S.S. collaboration et al. 2012b). The flux from both spectral com-
ponents has declined on a timescale of months since periastron passage, securing the
identification (Reitberger et al. 2012, Fig. 23). However, the reported ∼< 2 day gamma-
ray flare in the AGILE data, which occurred 75 days before periastron passage, is not
confirmed using the Fermi/LAT data (Fermi/LAT collaboration et al. 2010a).
The spectrum has been interpreted as inverse Compton (soft component) and pi0
decay (hard component) emission of particles accelerated in the wind collision re-
gion (Farnier et al. 2011; Bednarek & Pabich 2011). The inverse Compton emission
may also connect with the hard tail of non-thermal X-ray emission. Alternatively, the
HE gamma-ray spectrum could result from the absorption of an intrinsic power-law
spectrum, due to pair production of the gamma rays with 0.1 keV photons (Reitberger
et al. 2012). Variability disfavours an origin in the large scale (≈ 0.25 pc) blast wave
of the “Great Eruption” of 1843, as proposed by Ohm et al. (2010).
The gamma-ray luminosity of η Car (LHE ≈ 1× 1035 erg s−1) represents ≈ 0.2%
of the kinetic power available from the winds (≈ 6× 1037 erg s−1). There are several
nearby CWB with comparable kinetic energies and non-thermal radio emission, in-
dicating particle acceleration also occurs at some level in these systems. Yet they
remain undetected in gamma rays (Werner et al. 2013). The key to gamma-ray emis-
sion remains to be understood, perhaps linked to how diffusive shock acceleration
functions (or not) in these systems.
6 Summary and concluding remarks
Gamma-ray astronomy has advanced at a fast pace in the past decade thanks to the
latest generation of telescopes. Binaries, suspected since the early days of gamma-ray
astronomy, are now confirmed sources of HE and VHE gamma rays. A rich variety of
binaries are cosmic accelerators, confirming that non-thermal processes are pervasive
in astrophysical sources. At the time of writing:
– The five binaries detected in VHE gamma rays form a new class of systems,
gamma-ray binaries, distinguished by emitting most powerfully beyond 1 MeV
and by having a O or Be massive star companion. Large amplitude variability tied
to the orbital period is widespread at all wavelengths. Changes in radio morphol-
ogy with orbital phase are observed. The non-thermal emission in PSR B1259-63
is powered by the spindown of a pulsar ; the same mechanism is likely to be at
work in the others. In these systems, gamma-ray emission constitutes the domi-
nant channel through which energy is radiated.
– HE gamma rays have revealed a rich variety of binary systems: microquasars
(Cyg X-3, possibly Cyg X-1), a colliding wind binary (η Car), and three novae
(V407 Cyg, Nova Mon 2012, Nova Sco 2012). Gamma-ray emission constitutes
only a small fraction of the radiation from those systems but provides unprece-
dented information on particle acceleration in various settings. All of these sys-
tems are variable in gamma rays. Four of the gamma-ray binaries are also detected
in this energy range but one is not (HESS J0632+057).
– Recycled, millisecond pulsars in binaries must also be added to this roster: dozens
have been detected in HE gamma rays using the Fermi/LAT(Fermi/LAT collab-
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oration et al. 2013b). Their emission is identical to that of isolated pulsars, their
binarity irrelevant, except in the case of the black widow pulsar where there is
evidence for gamma-ray emission from an intra-binary shock.
Further additions to this list can be expected as AGILE and Fermi continue to scan
the HE gamma-ray sky and as the current ground-based detectors evolve towards the
next generation (see Bednarek 2013; Paredes et al. 2013 for prospects with CTA, the
Cherenkov Telescope Array).
What drives the high-energy emission in these gamma-ray binaries and related
objects ? Where and how is power channeled to accelerate particles ? Common tools
are used to address these questions: the search for modulations, the determination of
orbital parameters, the use of radiative processes adapted to the case of a binary, etc.
Techniques used for one type of system find use in others. Parallels can be drawn
between different types of binaries: gamma-ray binaries like PSR B1259-63 can be
approached as extreme examples of colliding wind binaries such as η Car, providing
inspiration to understand the dynamics of the interaction. Gamma-ray binaries and
millisecond pulsars in orbit around low-mass companions share the same basic in-
gredients (a high E˙ pulsar, a companion star) but in differing proportions, providing
additional angles to understand the processes involved.
Why do some binaries emit high-energy emission and others do not ? This ques-
tions both our understanding of the physics involved in each source and the funda-
mental issue of particle acceleration. Gamma-ray binaries likely represent a short
PWN phase in the transition towards a high-mass X-ray binary system, setting these
gamma-ray detections in the general context of high-energy emission from pulsars
and of binary evolution. There are dozens of microquasars, with large amounts of
accretion power available, yet few have been detected. Is the extreme density and
radiation environment in Cyg X-3 uniquely responsible for the intense gamma-ray
emission ? Similarly, why are particles accelerated to high energies only in a few
novae or colliding wind binaries ? Does that mean that the conditions are special
in those systems, for instance because a strong shock happens to be present, or that
particle acceleration is somehow stunted in the others ?
Analogies extend to other classes of objects. The study of gamma-ray emission
from microquasar jets connects to the study of relativistic jets from active galactic
nuclei and gamma-ray bursts (Levinson 2006). Gamma-ray binaries are another man-
ifestation of pulsar wind nebulae. Particle acceleration in novae links up with particle
acceleration in supernova remnants. Hence, binaries involve the same mechanisms
that operate in major classes of sources in the gamma-ray sky, straining theories by
testing them on different scales, with the advantage that different conditions and line-
of-sights are accessible for the same object. Binaries are indispensable laboratories
in the endeavour to build a consistent picture across objects and scales of particle
acceleration and the physics of relativistic, magnetized outflows.
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